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Preface 



The two volumes “New Developments in Polymer Analytics” deal with recent 
progress in the characterization of polymers, mostly in solution but also at sur- 
faces. Despite the fact that almost all of the described techniques are getting on 
in years, the contributions are expected to meet the readers interest because 
either the methods are newly applied to polymers or the instrumentation has 
achieved a major breakthrough leading to an enhanced utilizaton by polymer 
scientists. 

The first volume concentrates on separation techniques. H. Pasch summarizes 
the recent successes of multi-dimensional chromatography in the characteriza- 
tion of copolymers. Both, chain length distribution and the compositional het- 
erogeneity of copolymers are accessible. Capillary electrophoresis is widely and 
successfully utilized for the characterization of biopolymers, particular of DNA. 
It is only recently that the technique has been applied to the characterization of 
water soluble synthetic macromolecules. This contributrion of Grosche and 
Engelhardt focuses on the analysis of polyelectrolytes by capillary electophore- 
sis. The last contribution of the first volume by Coelfen and Antonietti summa- 
rizes the achievements and pitfalls of field flow fractionation techniques. The 
major drawbacks in the instrumentation have been overcome in recent years and 
the “triple F techniques” are currently advancing to a powerful competitor to size 
exclusion chromatography. 

The second volume starts with the introduction of a fascinating new technique 
developed by Kohler and Schafer to monitor different averages of the Brownian 
diffusion coefficient of polymers in solution exhibiting a broad molar mass dis- 
tribution. The technique is based on a scattering experiment by thermal grating, 
thus simultaneously monitoring Brownian and thermal diffusion of macromol- 
ecules. The last contribution by Sheiko addresses recent advances in atomic force 
microscopy. Besides some theoretical and experimental background the visual- 
ization of single macromolecules is discussed and complemented by the charac- 
terization and the patterning of surfaces. 



Mainz, April 1999 



Manfred Schmidt 
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The holographic grating technique of thermal-diffusion forced Rayleigh scattering (TD- 
FRS) is used for the study of Fickian and thermal diffusion in simple liquids and polymer 
solutions. All three diffusion coefficients D, and the Soret coefficient Sj. can be ob- 
tained from a single experiment. Due to the short diffusion length of the order of a few ,um, 
the whole system is very stable against perturbations like convection. TDFRS and photon 
correlation spectroscopy (PCS) are compared in detail. In case of polydisperse solutes, TD- 
FRS does not suffer from the high scattering power of heavy components, which dominate 
the PCS correlation function. Quantities of interest for polymer analysis are distribution 
functions and averages of diffusion coefficients and molar masses. The weight distribution 
of the hydrodynamic radius follows directly from the heterodyne diffraction efficiency, 
without the need to resort to scaling relations. Pseudostochastic binary sequences with a 
broad power spectrum allow for the direct measurement of the linear response function, to 
which the individual molar masses contribute strictly concentration proportional, with a 
high spectral power density. Certain diffusive modes can be suppressed or enhanced by 
random binary sequences with colored power spectra, which are tailored to the specific ex- 
perimental problem. 

Keywords. Diffuson, thermal diffusion, forced Rayleigh scattering, polymer solutions, poly- 
dispersity, pseudostochastic noise 
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a normalized saturation amplitude of concentration grating 

b scaling exponent 

C color function in frequency domain 

c concentration (weight fraction) 

c’(r) concentration distribution as function of F 

c”(Rij) concentration distribution as function of Rf^ 

Co equilibrium concentration 

Cp specific heat at constant pressure 

Cq concentration modulation depth 

Cfl j. equilibrium concentration of fc-th species 

D mutual mass diffusion coefficient 
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thermal diffusion coefficient 
thermal diffusivity 
fringe spacing of the grating 
Fourier-transformed noise 

Electric field amplitudes of signal and coherent background 

time dependent noise 

linear response function 

electric field autocorrelation function 

intensity autocorrelation function 

linear response function of temperature grating 

Fourier-transformed total sample response function 

total sample response function 

laser intensity (measured intensity for PCS) 

integral molar mass distribution 

intensity measured by PMT\ 

universal constants for SNR otpimization 

molar mass 

number average molar mass 

weight average molar mass 

index of refraction 

index of refraction modulation depth 

rate distribution function 

power of readout laser 

amplitude of k-th mode for multiexponential decay 

grating or scattering vector 

radius of gyration 

hydrodynamic radius 

source term in heat equation 

heterodyne signal 

homo dyne signal 

Soret coefficient 

sample thickness 

temperature 

temperature modulation depth 
time 

noise amplification or voltage 
Fourier-transformed excitation 
general excitation function 
time-discrete binary excitation sequence 
Fourier-transformed signal 
general signal function 
time-discrete digitized signal 
optical absorption coefficient 

exponent for M in amplitude factor for multiexponential decay 
solvent viscosity 
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(j) volume fraction 

r mass diffusion rate constant 

K thermal conductivity 

A wavelength of light 

wavelength for reading 
wavelength for writing 
p density 

Z signal-to-noise ratio 

T mass diffusion time constant 

Tj. mass diffusion time constant of fc-th species 

Tp excitation pulse length 

heat diffusion time constant 
d scattering angle 

heterodyne diffraction efficiency 
homo dyne diffraction efficiency 

1 

Introduction 

Thermal diffusion, also known as the Ludwig-Soret effect [1, 2], is the occur- 
rence of mass transport driven by a temperature gradient in a multicomponent 
system. While the effect has been known since the last century, the investigation 
of the Ludwig-Soret effect in polymeric systems dates back to only the middle of 
this century, where Debye and Bueche employed a Clusius-Dickel thermogravi- 
tational column for polymer fractionation [3]. Langhammer [4] and recently 
Ecenarro [5, 6] utilized the same experimental technique, in which separation 
results from the interplay between thermal diffusion and convection. This re- 
sults in a rather complicated experimental situation, which has been analyzed in 
detail by Tyrrell [7]. 

Diffusion cells which are heated from above and cooled from below represent 
another traditional experimental technique, which has been employed by e.g. 
Emery [8], Hoffman [9], Whitmore [10], Meyerhof and Nachtigall [11,12], and 
Giglio [13,14]. While in the earlier work the concentration gradient was ana- 
lyzed layer by layer, optical beam deflection is now state-of-the-art, and good de- 
scriptions of such cells have been given by Kolodner [15] and Zhang [16]. De- 
spite their conceptual simplicity, these experiments are not easy to perform, 
since convection must be avoided completely during the slow build-up of the 
concentration gradient. 

Most data about the Ludwig-Soret effect of polymers in solution have been 
obtained from thermal field-flow fractionation (TEEE), developed by Giddings 
and coworkers [17,18]. TEEE is one member of the family of field-flow fraction- 
ation techniques, which are all characterized by a laminar flow of the polymer 
solution or colloidal suspension within a relatively narrow channel. An external 
field, which may be gravitation, cross-flow, or temperature as in TEEE, is applied 
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perpendicular to the flow channel and biases the concentration distribution. 
Fractionation in TFFF results from the competition between thermal and Ficki- 
an diffusion, which is molar-mass-dependent, and from the varying velocity of 
the solution at different distances from the channel wall. 

TFFF has been employed for the investigation of linear polymers in various 
solvents [19, 20, 21], copolymers [22, 23], branched polymers [23], and cross- 
linked microgels and block-copolymer micelles [24]. Kirkland coupled TFFF 
with an online viscosity detector [25]. 

So far, there is a considerable uncertainty about the Soret coefficients in the 
literature, and there is only one system, namely polystyrene (PS) in toluene, 
which has been investigated by a substantial number of different authors with 
different experimental techniques, and for which a reasonable agreement has 
been achieved [6, 11, 12, 19,21]. 

In 1978, Thyagarajan and Lallemand observed a fast heat and a slow concen- 
tration mode in forced Rayleigh scattering experiments on a mixture of CS 2 and 
ethanol [27]. The slow mode stems from a concentration grating, which is in- 
duced by the holographic temperature grating that is written into the solution. 
During the last years, this optical technique, which one might call thermal-dif- 
fusion forced Rayleigh scattering (TDFRS),has been employed in our laboratory 
for the study thermal diffusion and mass diffusion of polymers in solution [28]. 

The concept of TDFRS is very simple. A holographic interference grating is 
written into the solution. It heats the sample with a spatially periodic pattern 
and creates a temperature grating. Optical absorption of the usually transparent 
solvents is achieved by the addition of some inert dye. The temperature gradi- 
ents within the temperature grating give rise to thermal diffusion, and a second- 
ary concentration grating builds up. Both the temperature and the concentra- 
tion grating are accompanied by a refractive index grating, which can be read by 
Bragg diffraction of a readout laser beam. 

TDFRS allows for experiments on a micro- to mesoscopic length scale with 
short subsecond diffusion time constants, which eliminate almost all convection 
problems. There is no permanent bleaching of the dye as in related forced 
Rayleigh scattering experiments with photochromic markers [29, 30] and no 
chemical modification of the polymer. Furthermore, the perturbations are ex- 
tremely weak, and the solution stays close to thermal equilibrium. 

Besides the investigation of thermal diffusion, TDFRS is an interesting tool 
for the study of mass diffusion processes. The Ludwig-Soret effect merely aids 
in the preparation of an initial nonequilibrium state with a single well-defined 
q-vector, whose time evolution is later observed. By employing different time 
patterns for the excitation, it is possible to tune the signal contribution of dif- 
ferent species, which maybe of different chemical composition or different mo- 
lar mass. This is not possible in case of photon correlation spectroscopy (PCS), 
where the correlation functions are always dominated by the strongly scattering 
heavy components. It turns out that the concentration part of the linear re- 
sponse function of the sample is of particular interest, since the statistical 
weights of the individual contributions are completely independent of their re- 
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spective molar mass. Since the advent of fast digital correlation and Fourier 
transform techniques, the direct measurement of the response function of a lin- 
ear system with broad-band excitations of high spectral power density has been 
feasible. 

In this contribution, the experimental concept and a phenomenological de- 
scription of signal generation in TDFRS will first be developed. Then, some ex- 
periments on simple liquids will be discussed. After the extension of the model 
to polydisperse solutes, TDFRS will be applied to polymer analysis, where the 
quantities of interest are diffusion coefficients, molar mass distributions and 
molar mass averages. In the last chapter of this article, it will be shown how 
pseudostochastic noise-like excitation patterns can be employed in TDFRS for 
the direct measurement of the linear response function and for the selective ex- 
citation of certain frequency ranges of interest by means of tailored pseudosto- 
chastic binary sequences. 

2 

Experimental Setup and Principles of Measurement 

Before a phenomenological model for signal generation in TDFRS will be devel- 
oped in the next section, some experimental aspects and the principles of signal 
detection and readout of the holographic phase grating need to be outlined. 
Most of the arguments are very general and apply to a wider class of holographic 
grating experiments. 

For the moment, it is sufficient to know that the sample response, which is the 
time dependent diffraction efficiency after switching off the optical grating, con- 
tains at least a fast contribution from heat and a slow one from mass diffusion. 
The corresponding diffusion time constants depend on the grating constant and 
are typically of the order of 10 /is and 100 ms, respectively. 



2.1 

Setup 

The main parts of the TDFRS setup and some experimental aspects will be dis- 
cussed in this section without going into details of data evaluation and signal 
modelling. A derivation of the equations for a phenomenological description 
will be deferred until later. 

A TDFRS setup is, in its main components, almost identical to standard 
forced Rayleigh scattering (FRS) setups as described in many publications [28, 
31, 32, 33, 34]. The symmetric arrangement as employed for the more recent 
work in our group is sketched in Fig. 1. 

The whole setup is mounted on a floating optical table. An argon-ion laser op- 
erating at 488 nm serves for writing. Its beam is spatially filtered and expanded 
to a diameter of 5-10 mm. The polarization is perpendicular to the optical table. 
The beam is split into two halves of equal intensity and approximately symmet- 
ric optical paths. After the beam splitter, there are mirrors mounted on piezo ce- 




Polymer Analysis by Thermal-Diffusion Forced Rayleigh Scattering 



7 



bredboard 




Fig.l. Sketch of the experimental setup as employed in the more recent work. All critical 
parts are mounted on a separate breadboard for increased mechanical stiffness 



ramies, which are used for phase stabilization and phase modulation of the grat- 
ing. After another two adjustable mirrors, whose purpose is merely to simplify 
alignment after changes of the angle of intersection 0, the beams are steered to- 
wards the sample by two adjustable prisms. Once the mirrors are aligned, they 
need not be touched anymore, and 6 is changed by adjusting the prisms as indi- 
cated by the arrows. A half wave plate and a Pockels cell are inserted into one of 
the beams right after the beam splitter. They serve for 180°-phase modulation, 
which is the optimum switching technique for heterodyne experiments. For 
maximum mechanical stiffness, all optical components for the split writing 
beams are mounted on a separate breadboard with rails and carriers, but with- 
out posts, since the vibration amplitude of these components must be kept below 
a few nanometers. 

The angle of intersection Ois typically of the order of a few degrees or below, 
which is difficult to measure to the required precision of better than 0.5 %. In- 
stead, as shown in Fig. 1, the fringe spacing of the grating is measured directly 
by projecting the grating together with a calibrated microscope reticle with a 25 
;Um scale onto a CCD camera, whose signal is displayed on a monitor and simul- 
taneously fed into a video digitizer board [35]. 

The cuvette with the sample resides inside a temperature controlled brass 
housing and can be adjusted in both the x- and z-directions orthogonal to the 
optical axis. In most cases, optical flow cells with path lengths of 100 or 200 yttm 
have been employed. 

The diffraction efficiency of the grating is read by a HeNe-laser at 632.8 nm 
wavelength, which, because of the thick grating conditions, must be adjusted to 
its Bragg-angle. In our earlier work, a pinhole and bandpass filter arrangement 
was used to separate the diffracted beam from unwanted stray light and fluores- 
cence [28, 34, 35, 36, 37]. Superior incoherent background suppression is 
achieved by the single-mode optical fiber shown in Fig. 1. Correctly aligned, the 
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fiber allows only the diffracted beam and coherent stray light to propagate to the 
detector. The coupling efficiency of the fiber is better than 80%, and the full 
background coherence is ideal for heterodyne detection. The fiber is connected 
to a photo multiplier tube (PMT) operating in photon counting mode, which is 
hooked up to a counter board plugged into a personal computer. Count rates 
above 10^ s“^ require proper linearization [28]. 

The shortest integration time of the counter is currently set to 1 ,us, corre- 
sponding to a maximum sampling rate of 1 MHz. The actual time resolution is 
limited by the high voltage driver of the Pockels cell with approximately 20 ^s 
switching time. 

Different switching techniques can be employed for the grating. As will be 
discussed later, it is advantageous to keep the spatial average of the light intensi- 
ty on the sample constant in time. If both the heterodyne and the homo dyne sig- 
nal are needed (see below), the grating amplitude must be switched between ze- 
ro, corresponding to even illumination, and some finite value. This is accom- 
plished by a 90°-rotation of the polarization of one of the writing beams. If only 
the linear heterodyne signal is of interest, the amplitude of the grating is 
switched between -1 and -l-l, corresponding to a 180°-phase jump. Both the 
Pockels cell and the piezo can be used for this purpose, but, unfortunately, both 
require subtle corrections for small amplitudes or phase drifts. 



2.2 

Homodyne versus Heterodyne Detection Schemes 

A distinction between homodyne and heterodyne detection must be made in 
optical scattering and diffraction experiments. Without careful treatment of the 
background, there is always the risk of mixed or unknown coherence conditions, 
and the diffusion coefficient determined from such data may be off by a factor 
of two. At least for the signal and background levels present in TDFRS, hetero- 
dyne detection is always superior to homodyne, especially since the heterodyne 
signal, contrary to the homodyne one, turns out to be very stable against pertur- 
bations and systematic errors. Even under nearly perfect homodyne conditions 
the tail of the decay curve is almost unavoidably heterodyne [34]. 

The intensity / as seen by the detector contains both homodyne and hetero- 
dyne contributions [34, 38, 39]; 



/ = 



E,+E,e" 



+ Et 



■ — E^ -\-1E^E^ cos(j)-\- E^ +E^^^ 



(1) 



Ej is the electric field amplitude of the diffracted beam. E^ and are the coher- 

ent and incoherent electric field amplitudes of the background intensity, respec- 
tively. (j) is the phase shift between the signal and the coherent background, and 
the phase of E^ is arbitrarily chosen to be zero. For convenience, the proportion- 
ality factor between E^ and / is set to unity. - E] is the homodyne and 
-lEgE^ cos (/» the heterodyne signal. The total background is Jj,-Eg + Ef„g. 
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Fig. 2. Heterodyne detection schemes: phase control of the reference beam (a) and of the 
diffracted beam with the reference provided by local oscillator (b). From Ref. [34] 



The homodyne and heterodyne signals can be separated if two measurements 
with a phase shift of K between background and signal are combined according to 

^hom ~ ^ 

^het = ~{jtj)-J(l>+7l) ■ ( 3 ) 

In principle, the coherent background can be supplied as shown in Fig. 2a, where 
the reference beam is directed along the diffracted beam. The phase of the refer- 
ence is directly controlled by means of a piezo-mounted mirror. 

An alternative scheme, which is much easier to handle, is shown in Fig. 2b, 
where dust or scratches on the cuvette windows serve as local oscillators for the 
generation of the reference wave. Since the phase of the reference is now fixed 
with respect to the sample, the phase of the diffracted beam must be controlled 
instead by shifting the phase of one of the writing beams, and hence of the grat- 
ing. Due to the first order Bragg condition, the phase shift of the grating trans- 
lates directly to the phase shift of the diffracted beam. 
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Fig. 3. Homodyne/heterodyne separation: measured intensities for step excitation and 
phase angles (j) = 0 and (j) =n , together with extracted homodyne and heterodyne signals. 
Left: 90° rotation of the polarization, sample PS/toluene. Right: 180° rotation of the polari- 
zation, sample toluene/n-hexane From Ref. [34] 



Figure 3 shows the signals measured for ^ = 0 and (j) - n as well as the separa- 
tion into homo dyne and hetero dyne comp onents for 90 ° and 180° rotation of the 
polarization. The superior quality of the heterodyne signal is obvious, and the 
homodyne signal is only usable in the case of 90° rotation. 



2.3 

Active Phase-Tracking 

Ideally, there is no phase shift between the reference and the diffracted beam 
(^ = 0), and, since TDFRS is completely nondestructive without dye bleaching, 
the signal can be accumulated over almost arbitrary times. In order to maximize 
the heterodyne signal amplitude, some means for phase adjustment and stabili- 
zation are needed. Without such active phase-tracking, (f) would have some arbi- 
trary value and would slowly drift away due to the almost unavoidable slow ther- 
mal drift of the whole setup. 

An elegant phase-tracking and stabilization procedure has been developed, 
which utilizes the fast signal contribution from the heat mode with a relaxation 
time of the order of 10 ,us, which is always present in TDFRS measurements [34]. 



,00/ r 
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U piezo 




Fig. 4. Timing diagram for piezo mirror and Pockels cell with phase tracking and exposure. 
Details can he found in Ref [34]. From Ref [34] 



For a given phase angle (j) of the grating, corresponding to a certain position of 
the upper piezo mirror in Fig. 1, the heterodyne amplitude of the fast thermal 
signal is measured by integrating the diffracted intensity over a short exposure 
time of approximately 5 ms to obtain J^, then shifting the phase of the grating by 
7t and exposing again to measure is obtained according to Eq. 3. The 

piezo mirror is ramped such that (j> varies by iTt, and 5;,^^ is measured at 5 to 10 
intermediate positions as described. When plotted as a function of the piezo po- 
sition, one period of a sinusoidal is obtained, from which the new {(j) - 0)-position, 
which corresponds to the largest heterodyne amplitude, can be calculated by 
means of a nonlinear least-squares fit [40]. The whole procedure requires only a 
few hundred milliseconds and is repeated approximately every minute to ensure 
a stable and well defined phase for optimum heterodyne signals over arbitrary 
integration times. In between, repeated exposures of the sample with (j)-0 and 
(j)-K are accumulated, the number depending on the mass diffusion time con- 
stant. The whole cycle can be repeated as long as needed for an aimed-at signal- 
to-noise ratio. The corresponding timing diagram is shown in Fig.4. The whole 
experiment, including timing, data acquisition and processing, phase stabiliza- 
tion, temperature control, and grating measurement is controlled by a single 
personal computer under the Linux operating system. 



2.4 

Optimization 

Some constraints apply for the measurement of mass and thermal diffusion by 
TDFRS, which originate from excessive sample heating at high laser powers, the 
resulting onset of convection, and the need to avoid boundary effects at the cu- 
vette windows when the grating constant becomes comparable to the sample 
thickness. The problem of optimization of the experimental boundary condi- 
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tions has been analyzed in detail in Ref. [34], and therefore only the main results 
will briefly be summarized. 

It can be shown that the best achievable heterodyne signal-to-noise ratio in 
the limit of ‘infinite’ coherent background intensity, is given by 







1/2 


- 1— 


2/3 p 




hv^ 









S^c(l-c)(^)p^r 



'^5 



(4) 



In the above equation, is written as a product of three terms. The first one 

contains only the paramefers of the experimental setup, which are the variables 
accessible to the experimentalist for SNR improvement: A,, is the readout wave- 
length and Vr the corresponding frequency, /3 = /(E^ ) the degree of 

background coherence, P,. the power of the readout laser, ^ the quantum yield of 
the detection system, and the integrated sampling time per time channel. 

The second term contains the constraint parameters, which may be regarded 
(within certain limits) as universal constants. They have been estimated in Ref 
[34] to be: 



Lc «200mV‘ 

Ly«200WW (5) 

Lg-0.1 . 



All sample specific quanfifies are found wifhin fhe lasf ferm. rj is fhe solufion 
viscosity, D the diffusion coefficient, fq the thermal conductivity, S j the Soret co- 
efficient, and (dn / dc)f p the concentration derivative of the refractive index at 
constant temperature and^ressure. 

In order to achieve the measurements require both an optimized sam- 

ple thickness Sgp^ and fringe spacing 



^opt 



( 1 

4:7t^rjD — — 

y LfLg ^ 



( 6 ) 






’ ^opt^G 



(7) 



For the measurement of polystyrene with a molar mass = 410 kg/mol in tol- 
uene, Sgpt -230 ,um and dgpt~ 23 ,um is obtained from Eqs. 5-7 [34]. 

Of special interest are dilute polymer solutions, where the thermal diffusion 
coefficient, Dj = Sp D, is independent of molar mass [11,21]. For the diffusion 
coefficient D, a scaling law D oc M~“ holds, with the exponent for linear flexible 
polymers ranging from a = 0.5 for 0-conditions to a ~ 0.6 for good solvents. 
Thus, the optimum SNR for a given polymer is almost independent of molar 
mass: - This is an important feature, as it makes the entire mo- 

lar mass range, which may cover many decades, accessible with approximately 
constant sensitivity- in sharp contrast to other optical scattering techniques. 
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2.5 

Sample Preparation 

Sample preparation is done in a similar way as for light scattering experiments. 
The main difference is that usually some inert dye must be added for absorption 
and thermalization of the energy from the light field. Typically, the optical den- 
sity at the writing wavelength is adjusted to approximately 2 for a path lenght of 
1 cm. In the case of polymer solutions, the dye is first added to the solvent, then 
the polymer is dissolved. After filtering several times through a 0.2 ^m filter 
(Millex FGS, Millipore), the solution or mixture is filtered directly into the opti- 
cal flow cell with a path length of 100 or 200 ^m (Hellma). The volume needed 
for the experiment is below 2 ^1. 

The purpose of the dye is to provide optical absorption at the writing wave- 
length, but ideally not at the readout wavelength, of the otherwise transparent 
liquids. While some absorption at is not a principal problem, it results in 
avoidable sample heating. 

There should be no chemistry involved between the dye and the polymer, and 
the dye should not undergo photo-reactions. For organic solvents, quinizarin 
fulfils both these requirements, and its absorption spectrum is shown Fig. 5. 

Whether the dye is inert or whether it generates some time dependent signal 
by itself (e.g. through a photoreaction or transition into a triplet state) is easily 
checked from a measurement of the dyed solvent without polymer solute. 




X / nm 



Fig. 5. Absorption spectrum of quinizarin in ethyl-acetate and cyclohexane. The dye is ide- 
ally matched to writing at 488 nm and readout at 633 nm 
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It should be noted that for aqueous systems a suitable dye was not easily 
found, since many water-soluble dyes apparently undergo a photoreaction in the 
presence of triplet oxygen, which is photo chemically transformed into its reac- 
tive singlet form due to sensibilization by the dye [41]. After degassing with ar- 
gon, good results for aqueous systems have been achieved with Orange I [42]. 



2.6 

Contrast Factors 



The contrast factors {dn ! 9T)^p and (dn / dc)jp, taken at the wavelength of the 
readout laser, are the only quantities which must be measured in separate exper- 
iments. For this purpose, a Michelson interferometer has been developed, whose 
mirrors can be scanned over A /2 [43] (Fig. 6). 

During the scan, the interference signal as detected by the photodiode goes 
through one period of a cosine, whose phase can be obtained from a nonlinear 
least-squares fit of 



‘ diode 



= A 



/ 

1+cos 


f2. ^ -ol 


1 


V 


1 j 


J 



+ B 



( 8 ) 



A and B are constants, and U 2 J 1 is the voltage for a phase shift of 2;r. A change 
of 0is directly proportional to the change in the refractive index of the sample. 




Fig. 6. Scanning Michelson interferometer as employed for the measurement of {d nid T);._p. 
From Ref. [43] 
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Details of the procedure and necessary corrections for the thermal expansion of 
the cuvette and the ambient air can be found in [43]. 

Since the interferometer used for {dn ! dT)i.p measurement is heated com- 
pletely, and not just the cuvette, it has been made out of Zerodur (Schott, Mainz) , 
which has a negligible thermal expansion coefficient. Precise values of the re- 
fractive index increments are crucial for the determination of the thermal diffu- 
sion coefficient and the Soret coefficient. The accuracy achieved for (dn / dc)jp 
is usually better than 1 %, and the accuracy of (dn / dT)^p better than 0.1 %. 

3 

Phenomenology of TDFRS 



3.1 

Writing the Temperature Grating 

The phenomenological description of signal generation in TDFRS is, in princi- 
ple, straightforward [27, 28, 33, 44, 45]. The primary source of excitation is the 
optical interference grating formed by the two writing beams, which intersect 
under an angel d inside the sample: 

= (9) 

The geometry of the setup is sketched in Fig. 7. 



sample ^ 




Fig. 7. Sketch of the geometry of the TDFRS-setup with the two writing beams intersecting 
under an external angle 6. Also shown is a cross section through the sample cell 
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The optical axis defines the^-direction. The x-axis points along the direction 
of the grating vector , whose absolute value is 



‘i = 




(10) 



A is, due to the plane-parallel geometry of the sample cell, the wavelength of light 
in air. With a plane-parallel geometry of the sample cell and the optical axis per- 
pendicular to the windows, the refractive index n of the sample does not appear 
in Eq. (9), since, according to Snell’s law, 



.a . e 

nsm— = n„sm— . 
2 2 



( 11 ) 



~ 1 is the refractive index of air and t],- the angle of intersection inside the sam- 
ple as defined in Fig. 7. For a different cell geometry, Eq. (10) may need correc- 
tions for the refractive index of the sample. Iq is the constant spatial intensity av- 
erage, which is the incoherent sum of the intensities Iq /2 of the two writing 
beams. Iq( t) is the amplitude or modulation depth of the grating, and we will dis- 
cuss later how the time dependence of I^(t) can be tailored to meet specific ex- 
perimental needs. 

The complex notation in Eq. (9) indicates that the grating is characterized by 
both an amplitude and a phase factor, and Iq(t) may also be a complex quantity 
containing both amplitude and phase modulation. For heterodyne detection 
schemes, both contributions are of importance. In most experiments, but not in 
all, 180°-phase switching, corresponding to ± fo-amplilude switching of the in- 
terference grating, has been employed. 

Both finite-size effects of the beam diameter and exponential intensity decay 
due to absorption within the sample have been neglected in Eq. (9). A purely 
one-dimensional treatment of the problem, as implied in Fig. 7 and as usually 
employed in the literature, is not always adequate and can only be justified if the 
experimental boundary conditions are carefully chosen. 

The direct coupling mechanism between the optical grating and the sample is 
the absorption of energy from the light field, which results in a periodic heating 
with the same q-vector as the optical grating. To describe this temperature grat- 
ing, we start with the heat equation 



^Ipll = D,,^AT{r,t) + ^^ . (12) 

dt pcp 

T{r,ij is the spatial and temporal temperature distribution, the thermal 
diffusivity, p the density, Cp the specific heat at constant pressure, and Q{r,t) the 
local heat production per volume. A general solution of Eq. (12) with the appro- 
priate boundary conditions, including thermal conductivity of the cell windows 
and heat transition to the ambient air, can be a challenging task. The whole 
problem is simplified, since the experiment is set up in such a way that it only 
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probes Bragg diffraction from the refractive index modulations with the grating 
vector q as defined in Eq. (10) and Fig. 7. 

There are, however, at least two other characteristic length scales besides the 
fringe spacing of the grating; the sample thickness and the writing beam diam- 
eter. While, within the assumption of a linear response with negligible temper- 
ature dependence of p, and Cp, these length scales do not directly interfere 
with the grating, they lead to the formation of a time-dependent thermal lens. 
This thermal lens is responsible for a slight time-dependent beam displacement 
and defocusing, which may show up in the recorded signal. Furthermore, back- 
ground light scattered from dust or scratches on the cuvette entrance window 
has to travel through the thermal lens, where it experiences a difficult-to-han- 
dle time-dependent phase shift before it coherently adds to the diffracted sig- 
nal. 

Since the length scales associated with the thermal lens are on the order of 10 
to 1000 times the grating constant, their characteristic time scale interferes with 
polymer diffusion within the grating. Such thermal lensing has been ignored in 
many FRS experiments with pulsed laser excitation [27, 46] and requires a rather 
complicated treatment. A detailed discussion of transient heating and finite size 
effects for the measurement of thermal diffusivities of liquids can be found in 
Ref [47]. 

All these problems can be avoided, if the writing laser beams are not switched 
on and off but the phase of the interference grating is modulated instead accord- 
ing to Eq. (9), while keeping the average intensity distribution within the laser 
spot constant. Under these conditions, it can be justified to employ Eq. (12) inks 
one-dimensional form [27, 28, 45]; 

^^^ = D,;,^T(x,t) + S(x,t) . (13) 

dt 

The source term S(x,t) is given by the absorbed energy according to Eq. (9); 

ry 

S{x,t) = J(x,t) = So + SAt)e“?" . (14) 

pCp 

For the sake of simplicity, a quantum yield of unity has been assumed for the 
thermalization of the absorbed light. Eq. (14) is solved by 

T(x,t) = To + T„,(t) + T^(t)e"^" . (15) 

Tq is the initial sample temperature. The amplitude T^( t) of the temperature 
grating is expressed as a linear response for arbitrary excitations Sg(t) - (x(p Cp)~ 

t 



(16) 
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1.2S mm 



0.2 mm 




Fig. 8. Temperature distribution within the cuvette in case of one-dimensional heat trans- 
port along the optical axis for typical experimental conditions {a~20 "\/g = 25 mW cm“^). 
From Ref. [34] 



Tj/j = is the heat diffusion time. An instantaneous thermalization of 

the optical excitation has been assumed. 

Of course, the mean sample temperature 



a 



pCp 



(17) 



does not grow forever, as might be suggested by Eq. (17), but reaches instead 
some stationary value, as the sample permanently loses heat to its environment. 

is responsible for the slight thermal lensing discussed above and, strictly 
speaking, not spatially constant. 

The effect of sample heating has been treated in detail in Ref. [34], and the 
temperature rise within the sample and the cuvette is summarized for typical ex- 
perimental conditions in Fig. 8. From interferometric measurements the overall 
temperature increase of the cuvette has been obtained to approximately 0.1 K, 
but the non-uniformity within the 200 /dm thick sample is only 0.02 K, as shown 
in Fig. 8. 
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3.2 

Formation of the Concentration and Refractive Index Gratings 

Concentration grating: Due to the Ludwig-Soret effect, the temperature grating 
is the driving force for a secondary concentration grating, which starts to build 
up and is superimposed upon the thermal one. Its temporal and spatial evolution 
is obtained from the one-dimensional form of the extended diffusion equation 

^^^^ = D-^c(x,t)-tDj.Co(l-Co)-^T(t,x) , (18) 

dt 

which is solved by 

c{x,t) = CQ + Cq{t)e“^'‘ 
with 

t 

c^{t) = -q^DrC,{l-c,) j 

T = (Dq^)~^ is the collective diffusion time constant, the thermal diffusion 
coefficient. In Eq. (18), the low modulation depth approximation Cq(t)<^ Cq, re- 
sulting in c(x,t)(l-c(x,t)) ~ Co(l-Cg), has been made, which is valid for experi- 
ments not too close to phase transitions. Eqs. (16) and (20) provide the frame- 
work for the computation of the temperature and concentration grating follow- 
ing an arbitrary optical excitation. 

Refractive index grating and heterodyne detection: Eor a sample transparent at 
the readout wavelength, a pure refractive index or phase grating builds up, with 
contributions from both the temperature and the concentration gratings. In 
analogy to Eqs. (15) and (19), it is expressed as 

n{x,t)-no = n^{t)e'‘^'‘ = T^{t)+ c^{t) 

n is the refractive index at the readout wavelength. The respective contrast fac- 
tors are the temperature derivative of n at constant composition and pressure, ( d 
nid T)^p, and the concentration derivative of n at constant temperature and pres- 
sure, ( d n/d c)fp. Pure phase gratings have been assumed for the present discus- 
sion, but absorptive contributions can be incorporated without problem [39]. 

Generally, a distinction is made between thin and thick gratings according to 
the criterion[39] 





(19) 

(20) 



(22) 
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is the readout wavelength and s the sample thickness. Q <€ 1 indicates thin, 
Q ^ 1 thick grating conditions, which are prevalent in the present case with Q ~5. 
An extensive treatment of the diffraction theory of phase gratings has been given 
by Kogelnik [48]. All experiments discussed here have been conducted within the 
weak modulation depth limit, where the heterodyne or electric field diffraction ef- 
ficiency 1) is simply proportional to the refractive index modulation depth; 

■ (23) 

can be complex to account for phase shifts. The homodyne diffraction 
efficiency, which is measured in the absence of coherent background, is propor- 
tional to lUqftjp. 

Now, all steps can be combined to calculate the heterodyne diffraction effi- 
ciency from Eqs. 9, 16, 20, 21, and 23. After normalization to the diffraction ef- 
ficiency of the steady state amplitude of the temperature grating, one arrives at 

t 

Chet(t) = 5T-^ j dt'g{t-t')T,it') . (24) 



5 T - Sq, and all information about the sample is contained within the 
memory or linear response function 




0 t<0 



The 5-function accounts for the fast contribution from the temperature grat- 
ing. The normalization to the amplitude of the temperature grating in Eq. (24) 
takes away the need for difficult absolute intensity measurements for the deter- 
mination of D j and Sp which otherwise would be necessary. The only quantities 
that must be obtained from separate measurements are the two contrast factors 
( d n/d j)^p and ( d n/dc)jp. All the transport coefficients D, Dp and Sp can be 

extracted from the sample response to suitably chosen excitation patterns. 

Equation (25) holds for monodisperse samples with a single diffusion time 
constant T, and the diffraction efficiency in response to the most fundamental 
excitation, a step function where the grating amplitude is switched from 0 to 1 
att = 0,is [27,28,35,45] 






dn 



-1 

SrCo(l-Co)(T-T,J“^ 

p,c 



T(l-e-^/")-T,,(l-e-^'""-) . 



(26) 



Equation (26) contains a fast response from the temperature and a slow one 
from the concentration grating, whose time constants differ by roughly three or- 
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ders of magnitude for typical polymer solutions and, hence, can easily be sepa- 
rated. 



3.3 

Measurement of Simple Liquid Mixtures 

Equation (26) can directly be employed for the description of TDFRS experi- 
ments on simple liquid mixtures, which are characterized by a single diffusion 
time T. 

In Fig. 9, measurements on toluene/n-hexane and ethanol/water mixtures are 
shown. The symmetric response of the heterodyne signal after switching off the 
grating is obvious, and from the scaled-up residues it can be seen that there is 
only very little systematic deviation from the model curve. Due to the negative 
Soret-coefficient of the ethanol/water system, the diffraction efficiency shows a 
maximum shortly after the switching, when the temperature grating has already 
reached its steady state but the concentration grating has not yet developed. The 
numbers extracted from the measurements in Fig. 9 are D=3.38 (0.42) x 10”^ 
cm^s~^ and S'j-=4.54 (-3.25)x 10“^ K~^ for toluene/n-hexane (ethanol/water), re- 
spectively [49] . The ethanol/water result is in excellent agreement with values re- 
ported by Kolodner et al. [15]. For the toluene/n-hexane mixture, there has been 
considerable disagreement with literature data, which were obtained from dif- 
ferent experimental techniques such as small-angle Rayleigh scattering [50] and 
thermogravitational column [5] measurements. In the meantime, these ambigu- 
ities have been resolved in favour of the TDFRS results [16, 51]. The discrepan- 
cies encountered for toluene/n-hexane exemplify the difficult and unsatisfactory 
experimental situation even for presumably simple systems. 







1 1 1 
toluene / n-hexone 
38°C 


1.0 


- 


[ 










■^0.5 


- 




- 


0.0 


- - 




1 " 

1 1 1 




0 


10 20 30 40 50 

t / ms 




Fig. 9. Normalized heterodyne diffraction efficiency for toluene/n-hexane (toluene weight 
fraction 0.517) and ethanol/water (ethanol weight fraction 0.391). From Ref. [49] 
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Fig. 10. Isotope effect: Normalized concentration mode for mixtures of protonated (C5H5) 
and deuterated (€50^) benzene with cyclohexane (QHj2) at c « 0.5. Also shown is the signal 
for pure dyed cyclohexane 

Figure 10 shows the concentration modes for two other liquid mixtures, 
namely cyclohexane (C 5 H 12 ) with protonated (C 5 Hg) and deuterated (CgDg) 
benzene, respectively, at approximately equal weight fractions, c ~ 0.5. Again, the 
signals have been normalized to the amplitude of the heat mode. Note the high 
quality of the data, where the concentration mode accounts for only a few per- 
cent of the entire diffracted signal. 

Obviously, there is a strong isotope effect, and the Soret coefficient is reduced 
in the case of (CgDg), which has exactly the same mass as the other component, 
the cyclohexane. The measurements were conducted at T=21°C, q = 8030 cm~^, 
and the contrast factors are almost identical for both mixtures. The sign of ST-is 
such that benzene migrates towards the warmer regions [52]. 



3.4 

Treatment of Polydispersity 

All tools for polymer analysis must address the problem of polydispersity, and, 
generally, certain averages of the properties of interest are measured. The sta- 
tistical weights with which the different molar masses contribute to the meas- 
ured quantity are characteristic for the respective experimental technique and 
usually fixed. Well-known examples are the number average molar mass as 
obtained from colligative properties or the z-average radius of gyration (Rg)z 
from static light scattering. Narrow molar mass distributions are available only 
for a rather small number of synthetic polymers, and commodity polymers in 
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particular show broad distributions spanning several decades in M. The wrong 
treatment and combination of different averages is a frequently encountered 
mistake. 

In this section it will be outlined how the different molar masses contribute 
to the TDFRS signal. Of especial interest is the possibility of selective excitation 
and the preparation of different nonequilibrium states, which allows for a tuning 
of the relative statistical weights in the way a TDFRS experiment is conducted. 
Especially when compared to PCS, whose electric field autocorrelation function 
gi(t) strongly overestimates high molar mass contributions, a much more uni- 
form contribution of the different molar masses to the heterodyne TDFRS dif- 
fraction efficiency 1) is found. This will allow for the measurement of small 
molecules even when large amounts of high molar mass material are present. 

The treatment of polydispersity becomes straight forward in the limit of low 
concentrations, where Cq(I-Cq) Cqj^. is the concentration of compo- 

nent k with molar mass Mf.. Under this assumption, Eq. (18) can be solved for 
every component independently by 

Ckix,t) = Co^k+Cq,k(ty‘^'' (27) 

with 

\ . ( 28 ) 

Here, Dj^. are the thermal and Dj. = (tj. the translational diffusion coef- 
ficient of the k-th component, respectively. The diffraction efficiency ^het(t) is 
obtained according to Eq. (24) with a redefined memory function for t > 0; 

g(t) = 5(t) + ^flfce“''"‘ (29) 

k 
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p,c\ 



dc 



kj 



^T,k^0,l 



P.TyCl^k 



(30) 



All potentially molar-mass-dependent quantities have been labelled with a 
summation index k in Eq. (30), which, in this form, also holds for dilute solu- 
tions of mixtures of chemically different species or copolymers with heterogene- 
ity of both chemical composition and degree of polymerization. 

In analogy to Eq. (26), the response of a polydisperse sample to an excitation 
step from 0 to 1 at t = 0 is given by 



k '^k~ '^th 








(31) 



Eor slowly diffusing polymer molecules with \ > T(;,,the response of the con- 
centration mode in to an excitation pulse starting at t = -Xp and ending at 
t = 0 is approximately given by 
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= . (32) 

k 

This is simply a multiexponential decay with the amplitude of the fc-th mode giv- 
en by a^. Tj. (1 - e“^^ ). In the short and in the long exposure limit, this reduces to 



Chetit) = 
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I 



-t/Tk 

k^k'^p^ 

-titk 

k^k^k^ 



Tp >rk 



(33) 



Equation (33) can be further simplified in the case of homopolymers or co- 
polymers with constant chemical composition. It is well known from the litera- 
ture that Djis independent of molar mass [11,21,36,37], and the same holds for 
{dn ! ^^ifMis sufficiently high to neglect end-group effects. Under these 
preliminaries, the molar mass dependence of Up reduces to the concentration of 
the respective species: Cg_j.. 

Hence, since the amplitude factors in the multiexponential t) 

are strictly proportional to the concentrations Cq in the case of short exposures, 
where the memory function g( t) is measured directly. In the long exposure limit, 
the amplitude factors are proportional to Cg j. / Dp. 

From Eq. 33, it can be shown that the weight average diffusion coefficient 




(34) 



is obtained from a short exposure TDFRS experiment, whereas a long exposure 
experiment yields the average 




X k^0,k 
X fc‘'0,/c ! ^k 



(35) 



The molar-mass-independent Dj- can be obtained from the initial slope of the 
concentration mode, whose steady state amplitude yields the weight average 
Soret coefficient [37] 



/p \ _'Yjk^Q.ki^T,kl ^k) 



(36) 



The averages of the diffusion coefficient are calculated from the respective 
underlying rate distribution, which may be obtained from, e.g., a CONTIN anal- 
ysis [53, 54]. For narrow distributions, a cumulant expansion [55] may be em- 
ployed to obtain the average rate (F) and higher cumulants from a nonlinear 
least-squares fit. Interestingly, the average diffusion coefficient from a long ex- 
posure experiment yields directly the weight average hydrodynamic radius ac- 
cording to the Stokes-Einstein relation [37]: 
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kT 

6^no{Rh}^ 



(37) 



3.5 

TDFRS Versus PCS 



Naturally, all experimental techniques that allow the measurement of diffusion 
coefficients must be compared to PCS, which is the most widely employed meth- 
od for the study of polymer diffusion processes. 

The normalized electric field autocorrelation function gi(t), which can be cal- 
culated from the normalized intensity autocorrelation function g 2 (t) = (1(0) l(t)) 
(I(0))~^ according to the Siegert relation [56] 



^i(f) = 



1 

7 



- 1/2 

(g2(^)-l) 



(38) 



serves as a starting point./ ^ 1 is a function of the number of coherence areas. 
g 2 (t) is measured in a typical homodyne experiment. 

gi(t), as obtained from PCS, and 1), as obtained from TDFRS, are in prin- 
ciple very similar. When measured for a monodisperse system at the same q-val- 
ue, both show the same decay time. PCS utilizes the scattering from thermody- 
namic concentration fluctuations, and a q-vector is selected by the angle of ob- 
servation. In TDFRS, on the other hand, a coherent excitation with a single well- 
defined q-vector is induced, whose decay is then observed. As a consequence, 
there are very different statistical weights for different molar masses in PCS and 
TDFRS, and even for TDFRS alone the relative statistical weights depend on the 
excitation time pattern. Since, for dilute solutions, the scattering from concen- 
tration fluctuations is proportional to the product of concentration times molar 
mass, cM, PCS shows an increased sensitivity for high molar masses, which 
strongly dominate gi(t) in case of polydisperse material. With TDFRS, the statis- 
tical weights are more uniform and, as a consequence, 1) almost always de- 
cays faster than gi(t). 

Before the relative statistical weights can be compared, it is necessary to relate 
the diffusion coefficient D to the molar mass M. Usually, this can be done by a 
scaling relation 



Y = q^D = aM-\ (39) 

where the exponent b is characteristic for the fractal dimension of the polymer 
molecule or colloidal particle. h=l/2 for random coils under 9-conditions, h=l/3 
for solid spheres, and b—l for thin rods. 

It should be noted that Eq. (39) is slightly different from the usual definition, 
where a M~^ is employed for D, not F. a, as defined in Eq. (39), is q-dependent 
because of the q^. 
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M / g/mol 

Fig. 11. Relative statistical weights for polydisperse polymers as a function of M. The line 
with slope 1 corresponds to PCS, the shaded area to TDFRS. The long exposure limit corre- 
sponds to the random coil value b=ll2 



From Eq. (39), the amplitude factors in Eq. (33) can be expressed as a function 
of molar mass and concentration, and the normalized decay function for a dilute 
polymer solution, which is 1) in case of TDERS and g^(t) in case of PCS, can 
be written as 






k 



with 



Pk = 



Cp,kM^ 



(40) 



The exponent a depends on the type of experiment performed, and it has 
been introduced to allow for a consistent description of the different measure- 
ments. a=l for PCS, a=0 for short exposure TDERS, which guarantees strictly 
concentration proportional amplitudes, and a-b for long exposure TDERS. a = 
1 leads directly to the z-average diffusion coefficient characteristic for 
PCS. 

This situation is illustrated in Pig. 11, where the relative statistical weights 
and, hence, the amplitudes contributing to the multiexponential decays, are 
plotted as a function of M. The curves are arbitrarily normalized to unity at M = 
10^ g/mol. The strong underestimation of components with low molar mass in 
PCS is obvious. The shaded area is accessible to TDERS, and the two limiting 
cases correspond to short and long exposure times. 

Since the molar mass distribution of polydisperse polymers easily spans 3 to 
4 decades, the low molar masses are masked by the strong scattering of the high- 
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Fig. 12. Accessible q - t- range for typical PCS and TDFRS experiments. The lines corre- 
spond to diffusion coefficients D = (q^t)"* of 10"^, 10”^, and cm^/s 



er molar masses and, hence, are invisible in PCS, but not in TDFRS with its much 
more uniform amplitude distribution. 

Accessible g-t-range: Typical TDFRS experiments are performed at very low q- 
values, corresponding to scattering angles of only a few degrees, which eliminate 
the necessity for the extrapolation q ^0 (hydrodynamic limit). PCS measure- 
ments, on the other hand, are usually performed at scattering angles of 30° < 6 
< 150°. The accessible time scales are comparable for both techniques and range 
from 1 Ids or below to typically 10^ s or longer. The lower limit is imposed by the 
electronics of the detection circuits and is, in principle, identical for both tech- 
niques. 

Figure 12 gives an overview over the accessible q- and t-range for typical ex- 
periments. The numbers used are 0.5° < d< 15°, A = 488 nm (TDFRS) and 15° < 
6 < 150°, A = 647 nm, «=1.5 (PCS). The wavelengths are the ones routinely em- 
ployed in our laboratory. A change of wavelength does not significantly change 
Fig. 18. Note that 
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4nn . 6 

sin— 

X 2 



(41) 



in the case of cylindrical cells as usually used for PCS, whereas q is independent 
of n for cells with plane-parallel windows as employed for TDFRS [Eq. (10)]. 

The boundaries in Fig. 12 are soft, and PCS can be extended to lower and TD- 
FRS to higher q, however at the expense of increased experimental problems, 
like stray light from the cuvette in case of PCS and a loss of signal amplitude, 
which is proportional in the case of TDFRS. 



4 

Application to Polymer Analysis 

This section is concerned with the information that can be obtained by TDFRS 
about the molar mass and size distribution and the various molar mass averages. 

Once the scaling relation of Eq. (39) is known, the molar mass distribution can, 
at least in principle, be obtained from a Laplace inversion of the multi-exponen- 
tial decay function as defined in Eq. (40). At this point, the differences between 
PCS and TDFRS stem mainly from the different statistical weights and from the 
uniform noise level in heterodyne TDFRS, which does not suffer from the diverg- 
ing baseline noise of homodyne PCS caused by the square root in Eq. (38). 

In any case, the rate distribution function P(F), or the discrete pj.> must first 
be determined from 1) or gi(t). Since this Laplace inversion is highly unsta- 
ble, it is necessary to impose additional constraints, and various algorithms have 
been proposed in the literature [53, 54, 56, 57, 58, 59]. Thorough discussions of 
these methods with respect to PCS data can be found in Ref [60, 61, 62]. Here we 
will concentrate on the CONTIN program developed by Provencher [53, 54, 57]. 



4.1 

Rate Distribution and Averages of a Bimodal Polymer 

Rate constants: A mixture of two narrow PS (M^M„ ~ 1.03) with molar masses 
of j = 48 kg/mol and M ^2 - 556 kg/mol at equal concentrations (Cq j = Cq 2 - 
0.0029), dissolved in ethylacetate, has been used as a simple model system for a 
broad molar mass distribution [37]. To investigate the influence of exposure 
time, an exposure series with 0.025 s < Xp<2 s has been recorded, and the re- 
spective normalized heterodyne diffraction efficiencies are plotted in the insert 
of Fig. 13. The exposure ranges from a time that is significantly shorter than the 
diffusion time of the fast component to a time that is much longer than the dif- 
fusion time of the slow component. 

The main part of Fig. 13 shows the average rate (F), which closely follows the 
theoretical curve with the asymptotic values (F)^ in the short and fF)^/]- in the 
long exposure limit. There are no free parameters for the theoretical curve since 
the individual diffusion rates were obtained from the independently determined 
scaling relation for the diffusion coefficient, D = 2.76 x 10“^ cm^s“^ x 
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Fig. 13. Measured average rate as a function of exposure time fp. The solid line represents 
the theoretical prediction. The insert shows the normalized heterodyne signals from the ex- 
posure series. The fast temperature jumps after the grating is switched off at f=Tp are omit- 
ted for clarity. From Ref. [37] 




Xp/S 



Fig. 14. Amplitudes of the normalized concentration signal and of the two individual 
modes as a function of exposure time. The insert shows the rate distribution for an expo- 
sure time Tp = 0.2 s. From Ref. [37] 
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Tp/S 

Fig. 15. Rates for the two components as a function of exposure time. The solid lines have 
been calculated from the scaling relation D = 2.76 X 10'^ cm^s"^ X 



Fig. 14 shows the amplitudes of the two components and of the whole con- 
centration signal as a function of tp. Both modes could be resolved for all expo- 
sure times, and the insert of Fig. 14 shows, as an example, the rate distribution 
for Tp = 0.2 s as obtained from a CONTIN analysis. The solid lines are the pa- 
rameter-free predictions according to Eq. (32). 

The two modes could be recovered for all values of Tp. Despite the exposure 
time dependent average rate (F) in Fig. 13, the two rates Fj and F 2 are almost in- 
dependent of Tp, and there is a good agreement between the measured values 
and the ones calculated from the scaling relation, as shown in Fig. 15. 



4.2 

Molar Mass Distribution and Molar Mass Averages 



Bimodal distribution: Once the rate distribution P(F) and the scaling relation in 
Eq. (39) are known, the molar mass distribution c(M), expressed in weight frac- 
tions, is obtained for the three basic types of experiment discussed: 



c(M)ocP(r(M))M“® 



dTjM) 

dM 



ocP(r(M))M“^“'’“® . 



(42) 



Again, a = 1 for PCS, a = 0 for short exposure TDERS, and a — bior long expo- 
sure TDERS, and b is the scaling exponent from Eq. (39). Eor TDERS with arbi- 
trary exposure time, c(M) is given by 
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Fig. 16 . Differential (c(M)) and cumulative (I(M)) molar mass distribution as calculated 
from ^ket(f) Tp = 0.025 s and Tp = 1.5 s. The inserts are the rate distributions as obtained 
from a CONTIN analysis. From Ref. [37] 



. (43) 

Figure 16 shows the reconstruction of the molar mass distribution from two 
measurements in Fig. 13 according to Eq. (43) for an exposure time Tp = 0.025 s, 
which is shorter than the inverse of the fastest rate in the system, and for Tp — 
1.5 s, which is longer than the inverse of the slowest rate. The inserts show the 
respective rate distributions. It is evident that the slow mode is much more pro- 
nounced in P(r) for the long exposure time. The peak positions in the differen- 
tial molar mass distributions c(M) agree reasonably well with the nominal molar 
masses, which are marked by the dashed vertical lines. The two peaks are some- 
what broader and less resolved in the case of the shorter exposure. The peak ar- 
eas in the molar mass distributions are, contrary to the rate distributions, iden- 
tical for both measurements, as can be seen from the plateaus at I(M) -0.5 in the 
cumulative molar mass distribution 

M 

I{M)= j dM'c(M') . 

0 

Broad distribution: A PS obtained by radical polymerization served as a model 
system with a broad smooth molar mass distribution. The solvent was ethylace- 
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IE-3 0.01 0.1 1 



t / S 

Fig. 17. Normalized decay curves from TDFRS and PCS, scaled to the same q-value, for a 
broad PS in ethyl-acetate. Rate distributions as inserts. From Ref. [37] 



tate and the concentration Cq — 0.005, and both PCS and TDFRS measurements 
with two different exposure times have been made [37]. gi(t) from PCS and 
Chet ( from TDFRS with Tp - 0.05 s, approximately corresponding to short expo- 
sure conditions, are plotted together with the respective rate distributions in 
Fig. 17. gi(t) has been measured at 0 = 90° and rescaled according to F oc to 
the q-value of the TDFRS experiment, which was conducted at 9 ~ 2°. The slower 
decay of gj ( t) is obvious. 

Figure 18 shows the molar mass distributions as computed from the rate dis- 
tributions according to Eq. (42) for the two measurements in Fig. 17 and from 
an additional long exposure TDFRS measurement with Tp = 2 s. Superimposed 
is the molar mass distribution obtained from size exclusion chromatography. 

Obviously, none of the three scattering experiments is able to reproduce the 
true molar mass distribution exactly. The two TDFRS measurements show a bi- 
modal structure, which must be regarded as an artifact. Otherwise, the general 
shape of the distribution, with the peak position around 200 kg/mol and a tail 
towards low M, is rather well reproduced. In principle unimodal distributions 
could be enforced by the choice of a larger regularization parameter. Purposely, 
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M / g mol' 

Fig. 18. Molar mass distributions calculated from PCS and TDFRS measurements with dif- 
ferent exposure times. Superimposed is the molar mass distribution obtained from size ex- 
clusion chromatography. From Ref. [37] 



this additional a-priori knowledge has not been utilized and the chosen solution 
has been taken. It has been found that multiple peaks are frequently present in 
rate distributions obtained by CONTIN. The lower moments of the distribution 
are, however, usually rather insensitive to this fine structure. The PCS measure- 
ment produces a unimodal peak, but there is substantial deviation in the wings 
of the distribution. Especially the low-M tail is completely missing as a conse- 
quence of the weak contribution of low molar masses to gi(t). 

Frequently, not the fine structure of a distribution is of interest but certain 
molar mass averages, corresponding to the lower moments of the distribution, 
especially and M„. They can be computed directly from P(r) and Eq. (39) ac- 
cording to 



" \ UlM \ I 



cM^ 



a 



/pa/^7\ 

\ IcM- 

Y'{u+l)/b \ 

^ /cM“ 



(45) 

(46) 



cM' 
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Table 1 . Number average (M„), weight average and z-average (M^) molar masses (in 
kg mol"*) of a broad PS as measured by different techniques. TDFRS (0.05 s) corresponds 
approximately to the short and TDFRS (2 s) to the long exposure limit 







Mw 




SEC 


57 


285 


640 


TDFRS (0.05 s) 


58 


237 


434 


TDFRS (2 s) 


107 


275 


509 


PCS 


121 


262 


1229 



Table 1 summarizes the molar mass averages M„, and for the different 
experimental techniques. Good agreement is found for less for M„ and 
with particularly strong deviations for the PCS results. 

When such different techniques as in Table 1 are compared, there is always the 
problem of different sensitivities for different aspects of the distribution. If, for 
example, information about the high molar mass tail is of importance, PCS may 
be the method of choice. It may also be incorrect to regard the SEC distribution 
as the true molar mass distribution as it may suffer from calibration problems, 
solute-column interactions, peak broadening, and a molar mass dependence of 
the contrast factor d n/dc, and hence the detector sensitivity. 



4.3 

Weight Distribution of the Particle Size 



From both scattering techniques, PCS and TDFRS, it is possible to determine the 
rate distribution P(r), or the pj. in the discrete case. By means of the Stokes-Ein- 
stein relation. 



rq-^ 



kT 

67tT]oRh ’ 



(47) 



P(r) can be transformed into a distribution of the particle size as defined by the 
hydrodynamic radius Rj^. But only for TDFRS, and not for PCS, a particle size 
distribution in terms of weight fractions can be obtained without any prior 
knowledge of the fractal dimension of the polymer molecule or colloid, which is 
expressed by the scaling relation of Eq. (39). This can be seen from the following 
simple arguments: 

P(r) is the rate distribution as obtained from t) or ( t). From the contin- 
uous form of Eq. (40) it follows that 



c'(F) oc P(Dr“"’ (48) 

where c’(r) is the weight fraction of particles with diffusion rate F. The weight 
fraction c”(R^J of particles with hydrodynamic radius R^ is 
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Fig. 19 . Polymer weight fraction as a function of hydrodynamic radius for the TDFRS 
measurement in Fig. 16 with fp = 1.5 s 



c"{R,) = c'{r) 



dTjR^) 

dR, 



r(RiJ is given by Eq. (47). From Eqs. (47) - (49) one obtains 



(49) 



c"{Rf,)o.P{r{Rf^))Rf-‘^>’’ . (50) 

For simplicity, normalization factors and proportionality constants have been 
omitted. Hence, for short and long exposure TDFRS, Eq. (50) reduces to c”(Rj^) 
oc P(r(Rf^)) Rif^ and c”(R^) °c P(r(R^)) R^^, respectively. Eq. (50) can easily be 
generalized for TDFRS with arbitrary exposure times Tp by means of Eq. (32). In 
the case of PCS, Eq. (50) becomes c”(Rf^) P(r(R^)) and c”(Rf^)cannot 

be obtained without knowing b. Fig. 19 shows c”(Rf^) as obtained from P(r) from 
the insert in the right-hand half of Fig. 16 with = 1.5 s. 



4.4 

Collective and Self-Diffusion of PS Microgels 

TDFRS has been employed for the study of collective and self-diffusion of PS 
micronetwork spheres (microgels) [63] with crosslink ratios of 1:10, 1:20, and 
1:50 in toluene from low to high concentrations. 

Figure 20 shows for a concentration series of microgels with a crosslink 
ratio of 1:20. From the long exposure measurements, the weight average hydro- 
dynamic radius {Rij)^ = 19.0 nm and a distribution width of 
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Fig. 20. Normalized heterodyne diffraction efficiencies for a concentration series of 1:20 
crosslinked PS microgels in toluene. The insert shows the rate distribution for the lowest 
concentration, corresponding to the slowest decay curve. From Ref [64] 



is obtained [64]. Assuming solid spheres (b = 1/3, Eq. (39)), this translates to a 
polydispersity of M^/M„ = 1.7, which is calculated from the rate distribution ac- 
cording to [37] 




The investigation of concentrated dispersions was motivated by the finding 
that microgels with a crosslink ratio of 1:50 show a significant deviation from 
hard-sphere behaviour [65]. From small angle neutron scattering (SANS), the 
deswelling of the micronetworks with increasing concentration was found to de- 
pend on the crosslink density [66]. FRS measurements with dye-labelled micro- 
gels at low and intermediate concentrations showed no influence of the crosslink 
density on the long-time self-diffusion coefficient [67], which can be well de- 

scribed by the Medina-Noyola model for hard spheres [68]. 

The collective diffusion coefficient D, on the other hand, is very sensitive to 
the crosslink density, and TDFRS is well suited for its measurement since, be- 
cause of the small scattering angles, there is no need to extrapolate for q ^0. 

Figure 2 1 shows the reduced diffusion coefficients /Dq and D/D^ as a func- 
tion of the volume fraction (j) [67]. For the crosslink ratios 1:20 and 1:50 there is 
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Fig. 21 . Volume dependence of D^\Dq and D/Dq. Collective diffusion coefficients D: □ 1:20 
and O 1:50 (TDFRS). Hard-sphere results for comparison (O [69,70], V [71], and theoret- 
ical predictions (dashed line) [72]). From Ref. [67] 



a pronounced deviation from the hard-sphere behaviour, which, as expected, in- 
creases with decreasing crosslink density. 

For concentrations close to the glass transition, there is an additional slow 
mode observed both in PCS and TDFRS measurements, which might be ex- 
plained by a coupled motion of large and small microgels on a short timescale. 
They decouple on a longer timescale, and their decoupled motion is essentially 
equivalent to microgel self-diffusion [64]. It becomes visible in TDFRS because 
of the different Soret-equilibria of the different-sized microgels. Interestingly, 
the amplitude of the slow mode in TDFRS is negative when compared to the fast 
mode. These results are, however, still very preliminary, and more experiments 
are needed to support the model. 

5 

Stochastic TDFRS 

In the previous sections it has been shown that there are similarities between 
TDFRS and PCS, and that the main advantage of TDFRS stems from the possi- 
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bility of tailored excitations. The two most simple excitation patterns, long and 
short excitation pulses, have already been discussed. It has been shown that 
short (5-excitation pulses, which satisfy Tp ^ are of particular importance 
since they allow the direct measurement of the memory function g( t), to which 
the individual species contribute strictly in proportion to their concentrations 
and independently of their molar masses Mj.. 

Of course, there is a major drawback of short excitation pulses. Since, due to 
sample heating, the laser intensity cannot be increased in the same way as the 
pulses are shortened, the product I Tp decreases, and, as a consequence, the sig- 
nal vanishes in the baseline noise. When viewed from the frequency domain, 
this is a direct consequence of the low spectral power density of short excitation 
pulses. The decrease of the concentration signal is already obvious for the short 
excitation times in Fig. 13. 

In this section, more general excitation patterns will be discussed, which al- 
low for tailored deconvolutable excitations with high spectral power densities. 
Periodic amplitude modulation with a single frequency has been proposed in 
the literature [73]. It is well suited for noise suppression by lock-in detection, but 
in practice it suffers from stability problems during the slow frequency sweep. 

Pseudo stochastic random binary sequences in combination with fast Fourier 
transform and correlation techniques avoid these problems and allow for a di- 
rect measurement of g( t) with high spectral power density and frequency mul- 
tiplexing (stochastic TDFRS). Tailoring of the pseudostochastic sequences even 
allows for a selective enhancement and suppression of certain frequencies and, 
hence, of certain molecular species [74]. 

Pseudo stochastic random binary sequences are noise-like time patterns. 
They are defined at times n A t and assume only two different values, corre- 
sponding to the grating amplitudes -1 and -l-l,if 180 “-phase modulation is used 
for switching off the optical grating. Only software modifications, and no chang- 
es in the hardware of the TDFRS setup, are necessary in order to utilize pseudos- 
tochastic excitation sequences. The timing for heterodyne/homodyne separa- 
tion is identical to the one already described for pulsed excitation. 

In the following, a general treatment of arbitrary binary excitation sequences 
will be given. Since the proper definition of the excitation and the response func- 
tion is not unambiguously possible, a problem-independent notation will first 
be given, which will later be mapped to the actual experiment. For the moment, 
it is sufficient to picture a linear system with an input x(t), an output y(tj and a 
linear response function h(t), as sketched in Fig. 22. The input x(t) may be a 
pulse of finite duration, as discussed in the previous sections, or a pseudosto- 
chastic random binary sequence as in Fig. 22. 






X 



X * h 



y 



Fig. 22. Idealized picture of the experiment as a linear system characterized hy a linear re- 
sponse function h( t). The asterisk stands for convolution 
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5.1 

Time and Frequency Domain Representation 

Notation and basic equations: Following the representation in [75], the notation 
and the basic equations are as follows. 

Continuous functions and signals in the time domain are denoted by lower 
case letters with the argument in parentheses, e.g. x( t). Sampling at constant in- 
tervals A t produces a discrete approximation x[n] to the continuous signal, de- 
fined at times t = n At, n - 0,1,2 ... . Square brackets are used for the arguments 
of discrete functions. The Fourier transform establishes the connection between 
the time and frequency domains [76]: 

x{t) = — f dcoX{co)e'‘^ 

X(m)= j dtx(t)e-'“ 

Frequency domain functions are denoted by upper case letters. Of impor- 
tance for the TDFRS experiment is the discrete Fourier transform of an array of 
N data points within a period of N At: 

= (54) 

^ K=0 



(52) 

(53) 



X[k] = ^%x[n]e-^’^‘"'^'^ (55) 

n=0 

The discrete and continuous frequency scales are related by 






Ink 
NAt ■ 



(56) 



The response y(t) of a linear system to an excitation x(t) is a convolution of 
x(t) with the response function h(t). The TDFRS experiments are performed 
with periodic boundary conditions and discrete sampling, asking for the dis- 
crete periodic convolution 



N-l 

y[n] = x[n]*h[n]= ^x[i]h[(n-i)modN] . 

i=0 



(57) 



The convolution theorem reduces Eq. (57) to a simple product in frequency space; 
Y = XH (58) 
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The discrete periodic correlation is defined in analogy as 



N-l 

y[n] = x[n]xh[n]= ^x[i]h[{n + i)modN] , 

i=0 



(59) 



Y = X*H . (60) 

X* is the complex conjugate of X. The arguments are omitted in Eqs. (58) and 
(60), which apply to both the continuous and the discrete case. 

According to Eqs. (58) and (60), h is obtained from the deconvolution 





(61) 



The transition to the time domain is established by Eq. (52). Erom the right- 
hand side of Eq. (61), it follows that h may also be determined by cross correla- 
tion of the sample response y with the excitation x in the case of a white power 
spectrum of the excitation with |Xp = 1. 



5.2 

Periodic TDFRS 

Before stochastic TDERS is treated in detail, periodic amplitude modulation of 
the grating in combination with phase-sensitive lock-in detection, similar to the 
procedure proposed by Bloisi [73], will be briefly discussed. With periodic am- 
plitude modulation with a single frequency, which is slowly scanned through the 
frequency range of interest, the Eourier transform of the TDERS response func- 
tion, G( co), is measured more or less directly. 

If the retardation of the temperature grating is neglected for the moment, 
which is valid if At ^ a sinusoidal amplitude modulation of the optical grat- 

ing translates directly into a sinusoidal amplitude modulation of the tempera- 
ture grating with amplitude 5T - Xf^alg (pCp)"^ according to Eq. (16); 

Tg(t) = 5Te'“ . (62) 

The heterodyne diffraction efficiency [Eq. (24)]has the same periodicity; 

C,,,(t) = G(m)e'“ . (63) 

The complex G(co) is the Eourier transform of g(t) [Eq. (24)] according to Eq. 
(53), which, for polydisperse samples, is a superimposition of Lorentzians; 

G(co) = G'(co)-iG"(co) = i + ya^^^ — . 

k 



(64) 
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Fig. 23. Setup for periodic amplitude modulation, a:’ and are the two axes of the Pockels 
cell. They are rotated by 45“ with respect to the polarization of the laser beam. S = U/Ujp and 
[7;jis the voltage for 180“ phase shift. 




Fig. 24. Real and imaginary part of G(co ) as measured directly in a frequency domain ex- 
periment. The insert shows the corresponding measurement in the time domain (PS, M=49 
kg/mol in toluene) 



From an experimental point of view, a sinusoidal amplitude modulation of 
the optical grating can be achieved with the setup shown in Fig. 23 in one of the 
writing beams. 

The real and imaginary part of G(a>) Fig. 24 has been measured in for an al- 
most monodisperse PS (M = 49 kg/mol) in toluene. The slow mode at (ol2n ~ 
5 Hz corresponds to mass diffusion. The fast mode at (o/2n ~ 5 kHz stems from 
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Table 2. Diffusion time rand amplitude of the concentration signal f as measured by the 
time and the frequency domain experiment in Fig. 24 

T/ms fhet 

Time domain 32.4 0.265 

Frequency domain 33.2 0.274 



the retardation of the temperature grating, which was not explicitely considered 
in Eq. (64). The solid lines correspond to two Debye processes. 

The corresponding time domain experiment with a long exposure pulse is 
shown in the insert. Both measurements have been normalized to the amplitude 
of the signal from the temperature grating. The amplitudes of the concentration 
signal and the diffusion time constant t agree between both experiments within 
the experimental error (Table 2). 

The main problem with periodic TDFRS is, that the different frequencies are 
measured at different times. This requires a long-time stability, especially of the 
heterodyne reference, lasting about as long as the entire experiment. Time do- 
main experiments, on the other hand, are frequency multiplexed, and stability 
of the heterodyne background is only required for one homo dyne/hetero dyne 
separation cycle as described in the experimental section, which is only of the 
order of seconds, not hours. No stability of the signal amplitude is required for 
the averaging of t) over arbitrary times. 

5.3 

Identification of the Response Function 

Returning to pseudostochastic excitation in the time domain. Figure 22 gives an 
idealized view of a real experiment. For stochastic TDFRS, the switching process 
of the grating becomes increasingly important and must be analyzed in more de- 
tail. A realistic picture of signal generation in a real TDFRS experiments is 
shown in Fig. 25. 

Start and end point of the signal flow is the computer, where the excitation 
pattern is generated and the sample response collected. 

A discrete binary sequence x[n] of 1 and -1, deflned at times nAt,n- 0,1,2 . . . 
N-l,is converted to a continuous binary voltage signal x(t), which drives the high 
voltage generator for the Pockels cell. The resulting amplitude of the optical inter- 
ference grating, xYt) =Iq(t)/lQ, excites the sample, which in principle could be de- 
scribed by a single response function h’(t)- t)* g( t). h’( t) is the convolution of 

the heat and the concentration modes as indicated by the dashed bracket in Fig. 25. 

Because of the time scale separation of 3 to 4 decades between both modes, it 
is of advantage to convolute the heat mode gj-(t) - exp(-t/XfjJ into the effec- 
tive excitation; 




1-1 



( 65 ) 
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Fig. 25. Excitation and signal flow in a TDFRS experiment. The lower part shows the ideal- 
ized picture used for data evaluation. From Ref. [75] 



Tq(t) is defined in Eq. (16). In the limit At $> t,;,, x”(t) ~x(t), except for a con- 
stant amplitude factor. 

Now, the effective linear response function h(t) can be identified with g( t) as 
defined in Eqs. (25) and (29); h(t) = g(t) . The primary sample response is the 
heterodyne diffraction efficiency = Chefi)- The instantaneous contribution 
of the temperature grating to the diffraction efficiency is expressed by the d- 
function in g(t) [Eq. (25)]. After the sample, an unavoidable noise term e(t) is 
added. The continuous y( t) is sampled by integrating with an ideal detector over 
time intervals At to finally obtain the time-discrete sequence yfnj. 

Hence, the TDERS experiment converts an ideal time-discrete excitation x[n] 
into a time discrete signal and the task is to extract the response h(t) =g(t) 
from the measured yfnj and the known x[n] according to Eq. (61). 

In Ref. [75], it is discussed in more detail why it is advantageous to convolute 
the response of the temperature grating into the excitation and how to treat sys- 
tematic errors arising from this approximation and from imperfections of the 
components in the setup. Especially the switching properties of the Pockels cell 
require careful analysis, since the switching number increases from 2 in case of 
pulsed excitation to approximately N in case of pseudostochastic binary se- 
quences. 

Eigure 26 shows a stochastic TDERS measurement. The system is PS (M = 250 
kg/mol, c = 0.0205) in toluene. The upper half of the insert shows a short se- 
quence of the pseudostochastic binary excitation sequence of length 2“ [75]. 
The sampling time At is 140 /us. How the sequence has been generated will be 
discussed in the next section. 
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Fig. 26. Memory function g(t) as obtained from stochastic TDFRS with an optimized ran- 
dom binary sequence. The inserts show a short sequence of the excitation and the corre- 
sponding heterodyne response. From Ref [75] 



The lower half of the insert shows the heterodyne diffraction efficiency as seen 
by the detector. It has a random character, but the influence of the memory func- 
tion is obvious when compared to the excitation. The main part of Fig. 26 shows 
the concentration part of the memory function gf t)~h(t) after deconvolution ac- 
cording to Eq. (61). The amplitude of the contribution from the temperature 
grating is normalized to unity and contributes only to the very first data point. 



5.4 

Criteria for Pseudostochastic Excitation Sequences 

Not every arbitrary random binary sequence is well suited. In the following, de- 
sign criteria for sequences that serve particular requirements will be given. 

Sampling time: The timing of the measurements is controlled by a hardware 
clock on a computer plug-in board, whose clock rate is set to drh At every tick 
of the clock, one data point is collected in such a way that the PMT counts accu- 
mulated between t-n At and t- (n+\) At are stored in y[ n ]. Similarly, x[n] is 
applied to the output att-n At, which keeps the value until t-(n-\-i) At. 

The sampling time At must be sufficiently short to avoid aliasing from signal 
intensity at frequencies above the Nyquist frequency co^y - ;rMt, which are fold- 
ed back into the frequency interval -(O^y < ( 0 ^< (O^y. As a rule, At < 
should be fulfilled, where is the shortest diffusion time constant. 
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If the finite thermal rise time T;/, cannot be neglected, which means that At > 
Tf/, is not fulfilled, it may be necessary to sample at a higher rate than the clock 
rate of the excitation sequence (oversampling) [74]. A detailed discussion of this 
effect is, however, beyond the scope of this article. 



Noise amplification: Malformed sequences are those with holes in the power 
spectrum, since the noise term E[k] is amplified at frequencies with low power 
density in the excitation. Quantitatively, this can be described as follows. 

The total power P in the excitation is obtained from Parseval’s theorem: 



P = %X[k]f=N^xlnf (66) 

k=0 n=0 

Since the power at zero frequency, |X[0] p, merely adds a constant background 
without much information content, the requirement for maximum excitation 
power P^ at positive frequencies is 






k=l 



f N-l 



= NY,x[nf-\ 

n=0 \n=0 J 






(67) 



which is maximized for (x) = 0. Hence, an excitation sequence should be approx- 
imately symmetric with respect to -l-l and -1. 

Mathematically, the deconvolution according to Eq.(61) can be carried out as 
long as X[k] # 0. In practice, there is always experimental noise e[n], or E[k] in 
the frequency domain, which is amplified at frequencies where |X[k]p is small. 

When the noise term is included, the deconvolution of Eq. (61 ) yields the un- 
perturbed response function H plus a perturbation E X*\X\~^ : 



^ = H + £^. (68) 

|xp |xp 

Erom Eq. (68), the amplification Uf. of the spectral power density of the noise is 



U, 



X*[k] 



-\x[k]\- 



" '\X[k]\^ 

and the integral amplification of white noise is defined as 



(69) 



U = ^\X[k]\-^ . (70) 

k=0 

The minimum 1/ = I is assumed for a constant white power spectrum with 
|X[k] p = N . All deviations from the constant power spectrum increase the inte- 
gral noise amplification U. They may, however, be useful for noise suppression at 
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selected frequencies. Arbitrary random binary sequences usually have a broad 
power spectrum with a high noise amplification due to a large number of holes 
with almost vanishing spectral power density. 

The signal-to-noise ratio (SNR) corresponding to Eq. (68) is 



SNR = 






(71) 



Note that Eq. (71) is definied as a power ratio, contrary to the amplitude ratio 
in Eq. (4). 



5.5 

Maximum Length Binary Sequences 

Maximum length binary sequences (MLBSs) of length N = 2^-1, where L is a 
positive integer, have a perfectly flat power spectrum [77]. The deconvolution in 
Eq. (61) can be computed very efficiently by means of a fast Hadamard trans- 
form, and they have, for example, been employed for Hadamard NMR spectros- 
copy [78]. 

MLBSs are generated by a shift register of length L with feedback as shown in 
Eig. 27. The bit position to which the output is added depends on L. Initially, all 
bits are loaded with 1 . At every clock cycle, the register contents is shifted to the 
right, the rightmost bit is applied to the output and the result of the modulo 2 
addition is fed into the leftmost bit. The output sequence is repeated after 2^-1 
steps. Eor practical purposes, the elements of the MLBS can be computed 
from a recursion formula; 



L-l 

^n+L > ( 72 ) 

1=0 

bo--- bi_i - 1 and the a\ are 0 or 1 and tabulated [78]. 

MLBSs have a white power spectrum with a minimum noise amplification, 
[7=1, and they might appear to be ideal excitation sequences. There are, howev- 
er, subtle problems, which lead to signal ‘echoes’ as shown in Eig. 28. The posi- 
tion of the ‘echo’ depends on the length of the MLBS. 




Fig. 27. 3 -bit shift register to generate a maximum length binary sequence of length 2^- 1=7. 
The summation is modulo 2 
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The reason for these localized perturbations stems from a slight delay and 
asymmetry in the switching characteristics of the Pockels cell [75]. As a conse- 
quence, x’( t) in Fig. 25 must be replaced by 






dx(t)^ 

dt 



+ e 



dx(t) 

dt 



(73) 



The plus and minus sign symbolize the transitions from -1 to -l-l and from -l-l 
to -1, respectively. 



5.6 

Optimized Random Binary Sequences 

Truly random binary sequences do not show the time-localized echoes of MLBSs 
shown in Fig. 28. The perturbation is spread instead as additional noise over the 
entire time window, which is less critical since there is no systematic deforma- 
tion of g( t). The noise amplification U of an arbitrary sequence is, however, un- 
acceptably high. In the following, it will be shown how random sequences with 
low noise amplification and without the problems of MLBSs can be constructed. 

Mapping to Ising model: An alternative view of the problem is obtained, when 
the pseudostochastic random binary sequence is interpreted as a spin- 1/2 sys- 
tem. Every element x[k] corresponds to a spin sj. that points either up or down 
(Fig. 29). 




Fig. 28. Imperfections of the Pockels cell lead to ‘echoes’ in g(t) when measured with MLBSs 
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Fig. 29. The pseudostochastic binary sequence used to generate the excitation x(t) can be 
represented by a spin- 1/2 system 




Fig. 30. Energy distribution of the spin system as obtained from randomly generated se- 
quences of length 1024 and 16384 and after 1-spin-flip optimization with and without sim- 
ulated annealing 



The energy E of this spin system may be defined as the integral noise amplifi- 
cation U as given in Eq. (70), which can be expressed as a function of the pair 
products of all spins: 



-E-X 



k,m 



(74) 



The coupling constants are the Fourier coefficients a^. = exp(- 2 mkl/N). The 
task of finding a sequence with a low noise amplification is equivalent to the one 
of finding a minimum in the energy of all possible 2^ spin configurations. 
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Fig. 31 . Decrease of energy during simulated annealing. The temperature is exponentially 
lowered from kT=l to 0. The insert shows a cross section through the energy landscape as 
a function of the number of stochastic 1 -spin-flips 



The energy landscape of this Ising spin system is very rugged, and there are 
even spin states where the energy diverges, as shown in the insert of Fig. 3 1 . The 
distribution of energies P(E) is very asymmetric with a long tail towards high E 
and a sharp cutoff at low E. The whole distribution is shifted to higher energies 
with increasing sequence length. Fig. 30 shows P(E) for f/=1024 and f/=16384. 
The distribution for f/=1024 has been obtained from 10* randomly generated se- 
quences, each requiring a fast finite Fourier transform to compute E. The lowest 
value, which occurred only once in 10*, is £ = 2.8. This is still far above the best 
theoretical value of £ = 1. Hence the chances of finding a suitable sequence by 
trial and error within a reasonable time are almost zero. 

Optimization: Spin configurations with energies close to the global minimum, 
£=1, can be achieved by optimization of randomly generated seed sequences. 
Starting with the initial sequence, one spin after the other is flipped. If this re- 
sults in a decrease of £, the spin is left in the flipped orientation, otherwise it is 
returned into its previous state. The procedure is repeated as long as the energy 
can be decreased. This simple and fast technique consistently yields £ -1.2, 
which is almost identical to the global minimum for all practical purposes. A 
slight improvement can be achieved by allowing also 2-spin-flips, which lead to 
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lower energies if two spins are flipped simultaneously, but not necessarily for 
flips of only 1 of both spins. 

Trapping in local minima of the rugged energy landscape can also be avoided 
by simulated annealing, which is well known from the physics of spin glasses 
[79]. Here, spin flips which increase E are allowed with a certain probability, giv- 
en by a Boltzmann factor exp(-AE/kT). The temperature T is slowly lowered and 
the system frozen into lower energy states (Fig. 31). The enlarged portion of Fig. 
30 shows the energy distributions as obtained from simple 1-spin-flip optimiza- 
tion and from 1 -spin- flip optimization in combination with simulated anneal- 
ing. The improvement by simulated annealing is only marginal, especially when 
compared to the increased computational effort. 



5.7 

Measurement with a White Power Spectrum 

Figure 32 shows measurements of a bimodal PS with two very different molar 
masses of 0.895 kg/mol and 250 kg/mol at concentrations of 0.0166 and 0.0228, 
respectively [75]. 

The solvent was toluene. The same sample has been measured with PCS, TD- 
FRS with a single long exposure pulse, and TDFRS with a pseudostochastic ex- 
posure sequence (zlt = 140 ,us, f/=2047) , which has been optimized by the 1 -spin- 
flip optimization described in the previous section. The PCS experiment was 
originally measured with A = 647 nm at an angle of 90° and has been shifted to 




Fig. 32. Bimodal PS (0.895 and 250 kg/mol) as measured by PCS (gj(t)), long exposure TD- 
FRS (step) and TDFRS with pseudostochastic excitation (g(t)). The arrow marks the fast 
diffusion of the component with M=0.895 kg/mol. From Ref. [75] 





Polymer Analysis by Thermal-Diffusion Forced Rayleigh Scattering 



51 




Fig. 33. Rate distribution of the PCS and the stochastic TDFRS (g(t)) measurement in Fig. 
32. The arrow marks the fast diffusion of the component with M=0.895 kg/mol. From Ref. 
[75] 



the q-value of the TDFRS measurement according to T q~^. The total time 
needed for the measurements was the same in all cases. Even from a first visual 
inspection, the resolution of the two modes in the TDFRS measurements is ob- 
vious, whereas the PCS field autocorrelation function is completely dominated 
by the slow time constant of the high molar mass component. 

Fig. 33 shows in a more quantitative analysis the rate distributions as ob- 
tained by a CONTIN analysis of the PCS and the stochastic TDFRS measure- 
ment. 

The ratio of 6.8 for the two peak areas from stochastic TDFRS is close to the 
value of 5.9 as expected from the concentration ratio and the refractive index in- 
crements of the two PS, which depends on molar mass due to end-group effects. 
The thermal diffusion coefficient = 1.12 x 10”^ cm^ (sK)~^ is in excellent agree- 
ment with the value found previously in our laboratory [36]. 

The PCS rate distribution shows only the large peak of the slow mode, corre- 
sponding to the high molar mass component. The tiny peak at appears at too 
high rates and is probably an artifact. 
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5.8 

Colored Spectra and Tailored Excitations 



Frequently, a flat power spectrum is not the best choice for a given problem, and 
it might be of advantage to focus the excitation energy into certain frequency 
ranges of interest. One example is a system with fast and slow relaxation proc- 
esses of comparable amplitude and a large time scale separation of several dec- 
ades. In such cases, a white power spectrum with a constant power density is in- 
ferior to a power spectrum, where the discrete frequencies are evenly spaced on 
a logarithmic instead of a linear frequency scale. 

Mathematically, the problem is easily solved. Remember that the minimiza- 
tion of Eq. (70) is the criterion for a white power spectrum. If C(co), or C[k] in 
the discrete case, is the aimed-at colored power spectrum, then the pseudosto- 
chastic binary sequence whose power spectrum is the best approximation to 
C[k] must fulfil Ek C[k] |X[fc]|“^ = minimum. In the language of the the spin- 1/2- 
system, the new energy function is 



E = Y,C[l] 



k,m 



(75) 



The rest of the optimization is identical to the procedure described for the 
white power spectrum. The total excitation power in a (-1,1) binary sequence is, 
according to Parseval’s theorem [Eq. (66)] always constant. 



time channel 

600 800 1000 1200 1400 




1 10 ^ 100 1000 
CO /s' 



Fig. 34. Pseudostochastic binary excitation (upper part) with power concentrated at a small 
number of logarithmically spaced frequencies. The dashed line is the power density if the 
sequence had been optimized with a white power spectrum 




Polymer Analysis by Thermal-Diffusion Forced Rayleigh Scattering 



53 



Fig. 34 shows the power spectrum of an excitation sequence, which has been 
optimized with the energy function of Eq. (75) so that almost all excitation en- 
ergy is found at a relatively small number of logarithmically spaced frequencies. 
To the eye, the sequence still looks random. 

A measurement with this sequence is equivalent to the frequency domain ex- 
periment in Fig. 24, however with the multiplex advantage, i.e. all frequencies 
are measured simultaneously, not sequentially. The energy left at the intermedi- 
ate frequencies can simply be discarded. The energies are still finite, since the 
aimed-at power spectrum can only be approximated during the minimization of 
E, as in case of the white power spectrum. 



5.9 

Digital Filtering 

The concentration of excitation energy in certain frequency ranges does not 
change the measured linear response function g( t). It only reduces noise at the 
frequencies of interest, at the expense of increased noise at the other frequencies. 
Not much is gained with respect to the noise amplitude in the time domain rep- 
resentation of g( t). To reduce the increased noise at these unwanted frequencies, 
digital filtering is required. Such filtering also reduces the amplitude of signal 
components at those frequencies. 




Fig . 35. Normalized decay curves for PCS and TDFRS with and without digital filtering 
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Fig. 36. Differential and integral rate distributions as obtained from a CONTIN analysis of 
the measurements in Fig. 35. The central peak is enhanced in the filtered stochastic TDFRS 
experiment 



The result is very similar to the effect of the different statistical weights for the 
different molar masses when comparing TDFRS and PCS. The PCS correlation 
function gj ( t) is dominated by the high molar masses. The low molar masses are 
suppressed, which means that signal intensity is shifted towards lower frequen- 
cies. The noise level is almost constant over the entire frequency range. Contrary 
to PCS, however, colored spectra together with digital filtering allow for an ac- 
tive selection of the frequencies of interest, and sensitivity can be tuned to e.g. 
low or intermediate molar masses. 

Figures 35 to 37 show an experiment in which digital filtering has been uti- 
lized to enhance a certain species and to suppress others. The sample is a trimo- 
dal mixture of PS (5, 50, 2000 kg/mol) in toluene. It has been measured by PCS 
and stochastic TDFRS, with and without digital filtering. 
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Fig. 37. Power spectrum of the excitation, filter function, and rate distribution for the fil- 
tered experiment in Figs. 35 and 36 



Again the PCS signal decays more slowly than the TDFRS signal because of the 
dominance of high M in PCS (Fig. 35). This is also apparent from the rate distribu- 
tions in Fig. 36. The PCS signal could not be resolved into three peaks. In the TD- 
FRS signal, all three peaks are resolved and show approximately equal intensity. 

First, an excitation sequence is designed by 1 -spin-flip optimization of the en- 
ergy, as deflned in Eq. (75), whose power spectrum peaks around the rate of the 
middle process, corresponding to M=50 kg/mol, and falls off at lower and higher 
frequencies. Next, a digital Alter F is constructed, which suppresses frequencies 
above and below the interesting frequency band. Figure 37 shows a sketch of the 
procedure with the excitation, the Alter function, and the rate distribution. 

The Altered response function is calculated according to 

YX* X* 

F = FH + FE . (76) 

Compared to the unAltered response function in Fig. 35 the difference is ob- 
vious. The corresponding rate distribution in Fig. 36 shows a clear enhancement 
of the central peak and a strong suppression of the low- and high-M contribu- 
tion. Finally, it should be noted that the same rate distribution could, in princi- 
ple, be obtained without digital Altering, but much of the excitation energy 
would be sacriAced, and much of the good signal-to-noise ratio would be lost. 
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The question of how to construct the best excitation sequence for a given filter 
function is best answered when looking at the signal-to-noise ratio, which is in 
analogy to Eq. (71) 



SNR = 



(|Fp|£p|X|-^) ■ 



(77) 



It can easily be shown that for white noise with |£[k] p = const, and a random 
binary (-l,l)-sequence, whose total power is independent of its spectrum, Eq. 
(77) is maximized if the excitation spectrum is proportional to the power spec- 
trum of the filter: C[k] |E[k]p. 

If the signal can be expressed as a sum over exponentials, as in the case of so- 
lutions of polydisperse polymers, high-, low-, and band-pass filters which are 
exponentials in the time domain influence the amplitudes, but not the diffusion 
time constants of the respective modes [80, 81]. 



6 

Conclusion 

We have outlined how TDERS not only provides a useful tool for the study of the 
Ludwig-Soret effect in multicomponent liquids, but can also contribute valuable 
pieces of information towards solving the puzzles encountered in polymer anal- 
ysis. Though TDERS is conceptually simple, real experiments can be rather elab- 
orate because of the relatively low diffraction efficiencies, which require repeti- 
tive exposures and a reliable homo dyne/hetero dyne signal separation. As an op- 
tical scattering technique it has much in common with PCS, and the diffusion 
coefficients obtained in the hydrodynamic limit (q 0) for monodisperse solu- 
tions are indeed identical. 

The situation is different, however, in the case of solutions of polydisperse 
polymers. Here, TDERS provides much more uniform statistical weights for the 
different molar masses. As a result, a better deconvolution into the rate and mo- 
lar mass distribution can be achieved than in the case of PCS. The computation 
of the molar mass distribution and the molar mass averages does, however, re- 
quire a knowledge of the scaling relation that relates D to M. Interestingly, the 
weight distribution of R/, can be obtained without knowledge of this scaling re- 
lation, which is not possible in the case of PCS. 

While polydisperse model systems can nicely be resolved, the reconstruction 
of a broad and skewed molar mass distribution is only possible within certain 
limits. At this point, experimental techniques in which only a nonexponential 
time signal or some other integral quantity is measured and the underlying dis- 
tribution is obtained from e.g. an inverse Laplace transform are inferior to frac- 
tionating techniques, like size exclusion chromatography or the field-flow frac- 
tionation techniques. The latter suffer, however, from other problems, like cali- 
bration or column-solute interaction. 
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An appealing aspect of TDFRS is the possibility to prepare some initial non- 
equilibrium state, whose time evolution is later observed. Especially through the 
application of modern signal-processing techniques, additional insight can be 
gained. Particularly easy to realize are noise-like pseudostochastic binary se- 
quences. They provide a broad power spectrum, and the measurement may be 
viewed as a frequency-multiplexed lock-in technique. The most simple suitable 
sequences are characterized by a white power spectrum. After cross-correlation 
of the signal with the excitation, the linear response function is obtained, which 
eliminates all molar mass dependence of the individual signal contributions. 
Since arbitrary binary excitation sequences can be employed, it is also possible 
to tailor the corresponding excitation spectra according to specific experimental 
needs. Together with suitable digital filters, it is possible to selectively enhance 
or suppress certain frequencies and to amplify, for example, certain components 
in a multimodal sample. 
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This review article describes progress made in scanning force microscopy of polymers dur- 
ing the last 5 years including fundamental principles of SFM and recent developments in in- 
strumentation relevant to polymer systems. It focuses on the analytical capabilities of SFM 
techniques in areas of research where they give the most unique and valuable information 
not accessible by other methods. These include (i) quantitative characterisation of material 
properties and structure manipulation on the nanometer scale, and (ii) visualisation and 
probing of single macromolecules. 
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(3 damping coefficient of the sample 
A sensitivity of the detection system 

1 

Introduction 

Polymer surfaces and thin polymer films are distinctive fields of academic re- 
search dealing with a large body of technological applications. Polymers are 
widely used as main components in many industrial products in addition to be- 
ing additives which stabilise colloidal suspensions [1-3], promote lubrication 
and adhesion [4, 5], and impart water and oil repellence [6, 7]. These applica- 
tions of polymers have changed our life significantly during the last 20 years. 
More recently, polymers became building blocks in functional structures on 
ever decreasing length scales [8-18]. Nanometer sized templates, molecular de- 
vices, particulate films, and patterned surfaces are of increasing importance for 
advanced developments in microelectronics, catalysis, sensor technology, 
microbiology, and biomineralization [19-23]. 

Complementary to microfabrication processes, molecular concepts in nano- 
technology rely on interfacial organisation and self-assembly of molecules 
yielding well-defined structures in thin films over large areas. Rigorous control 
of the molecular organisation on the nanoscale has set new demands on chem- 
istry and characterisation methods including microscopy. Modern concepts in 
polymer chemistry are directed towards specific control of the macromolecular 
structure including degree of polymerisation, chain architecture, end function- 
alities and composition [24-27]. Examples are block copolymers, which yield 
regular and manifold microdomain structures ranging from 10-100 nm [28- 
33]; hyperbranched polymers, which demonstrate molecular segregation and 
surface interaction of individual molecules on the scale of 1-10 nm [34-38]; and 
finally, biopolymers with well defined tertiary structures [39-41]. 

Progress in nanotechnology also depends critically on new developments in 
microscopy [42-45]. Compared to other investigation methods that help to ex- 
plore the relation between the molecular structure and macroscopic properties, 
microscopy gives the most direct information. Particularly, in the case of disor- 
dered or aperiodic structures, visualisation of the structure is often more useful 
than indirect measurement and interpretation of its scattering properties. In 
practice, the utilisation and value of microscopes depends on their spatial reso- 
lution, the contrast and the imaging conditions. 

Three major advancements in resolution have occurred since Hookes’s dis- 
covery of the optical microscope in 1665 [46]. In 1873, Ernst Abbe established 
fundamental criteria for the resolution limit in optical microscopy [47], which 
did not exceed the range of a couple of 100 nanometers even after the introduc- 
tion of the confocal optical microscope [43, 48]. The invention of the transmis- 
sion electron microscope by Ernst Ruska in 1933 extended the resolution of mi- 
croscopes to the nanometer scale [49]. Einally, scanning tunnelling microscopy 
introduced, by Binnig and Rohrer in 1981, made a breakthrough when atomic 
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resolution images were reported for the first time [50]. STM became the first 
member of a new class of scanning probe microscopes (SPM), which are based 
on a different principle than the optical and electron microscopy. Instead of 
lenses and electromagnetic waves, SPMs use a sharp probe which scans across 
the sample to sense different types of interactions in the near-field of the surface. 
For example, in STM, due to the strong exponential dependence of the tunnel- 
ling current on the distance between the probe and the surface (the current de- 
creases by a factor of ten when the distance is increased by just 1 A), a resolution 
of ca. 0.01 nm can be achieved. 

There are other important advantages to be considered. In addition to the lat- 
eral resolution, SPMs are capable of three dimensional imaging of the surface 
morphology and can provide a topographic map of the sample. Owing to the 
new operation principle, SPMs show few limitations regarding imaging condi- 
tions. Sample preparation became easier compared to the electron microscope. 
The latter often requires rather sophisticated sample treatment such as etching 
and metal sputtering, while SPMs can visualise the native structure of the sur- 
face. For many years, biologists have struggled to combine the high-resolution 
advantages of the electron microscope with the in-water operating capabilities 
of the optical microscope. Currently, most SPMs can operate in different envi- 
ronment including vacuum, air and liquid. This was a considerable advance 
which allowed in-situ observation of biological systems in their natural medi- 
um. Finally, SPM set up requires a much lower capital investment, as well as the 
maintenance costs compared to electron microscopy. 

Depending on the probe type, one can distinguish between Scanning Tunnel- 
ling Microscopy (STM), Scanning Force Microscopy (SFM), Scanning Near Field 
Optical Microscopy (SNOM), and other S(X)M techniques, where X refers to 
physical properties such as magnetic field, electrostatic charge, and temperature 
[51-57]. STM, SFM and SNOM are themost widely used methods so far. Each of 
these microscopies, however, shows certain limitations for polymer characteri- 
sation. STM is based on measuring the tunnelling current (picoamps to na- 
noamps) that flows through an electronic gap between a conductive tip and a 
conductive sample. For non-conductive materials, however, STM is of limited 
use. Eventually, the microstructure of thin organic films was investigated by 
STM down to atomic resolution [58-61]. In most cases, STM is not applicable for 
polymer films, whose thickness is determined by the chain conformation whose 
dimensions are typically >>1 nm exceeding the tunnelling gap by far. 

SNOM combines the optical contrast with a high lateral resolution of SPMs 
[55, 56]. Scanning a surface with a sharp optical fibre tip within the range of the 
optical near field makes it possible to overcome the optical diffraction limit that 
restricts the resolution of conventional optical microscopy. Moreover, the SNOM 
probe operates at a finite distance from the surface, so that damage and distortion 
of delicate samples can be eliminated. The drawback of SNOM compared to other 
SPM methods is its relatively low resolution- around tens of nanometers [62,63]. 

The first of the scanning probe microscopies which overcame the limitation 
of STM in imaging of non conductive materials, however, was atomic force mi- 
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croscopy (AFM) introduced by Binnig et al. [64]. It soon became a versatile 
method for characterisation of polymer surfaces and thin films renamed as 
scanning force microscopy. In addition to the favourable imaging conditions 
and the high resolution, SFM offers a variety of new contrast mechanisms which 
can distinguish surface areas differing in chemical and physical structure. Thus, 
the SFM measurements extend the microscopic capabilities far beyond morpho- 
logical studies. Now mechanical properties, such as visco-elasticity, friction, and 
adhesion, as well as long range electrostatic and steric forces can be character- 
ised quantitatively at the scale of a few nanometers. Furthermore, measurement 
of molecular forces and manipulation of single macromolecules, something not 
possible with optical and electron microscopy, are becoming feasible. 

The main objective of this review article is to demonstrate the analytical ca- 
pability of SFM techniques in areas of research where SFM gives the most unique 
and valuable information not accessible by other methods. Complementary to 
other reviews [65-69], we will focus on recent developments in SFM instrumen- 
tation which are particularly useful for polymer systems (Sect. 2); on quantita- 
tive characterisation of material properties and structure manipulation on the 
nanometer scale (Sect. 3); and on visualisation and probing of single macromol- 
ecules (Sect. 4). The interested reader can find the theoretical background as 
well as instrumentation of SFM in text books [52-54, 70-72]. 

2 

Fundamentals of Scanning Force Microscopy 

The main purpose of the invention of the first SFM was to extend the imaging 
capabilities of STM to non-conductive samples [64]. This was enabled by sensing 
electromagnetic forces that act in the near field of the surface (Fig. la). In prac- 

a b 





Fig.l.a Variation of the interaction force between a flat surface and an isolated atom in the 
near field of the surface. The dot line corresponds to the lateral displacement of the atom by 
one interatomic distance. The grey line indicates the force profile “sensed” by the atom as it 
moves parallel to the surface plane, b Scheme of a SFM probe: a sharp tip mounted on a can- 
tilever. The interaction force Fj=Fs+Fj is a sum of many interatomic interactions, where F^ 
is the surface force and force Fj results from the sample deformation. The interaction force 
is balanced by force F^ due to the cantilever bending 
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tice, it was realised by measuring the mechanical interaction between a sharp tip 
and the sample to be investigated (Fig. lb). 

Conceptually, predecessors of the scanning force microscope are the surface 
force apparatus (SFA) [73, 74] and the stylus profilometer [75, 76]. The SFA en- 
ables measurement of normal and friction forces between molecularly smooth 
surfaces as small as 1 nN as a function of distance with a resolution of 0. 1 nm. In 
addition to the local force measurement, the profilometer provides a topograph- 
ic map of the surface by scanning the surface with a sharp probe. However, the 
profilometer is not suitable for structure characterisation because of the large 
radius of the tip (about 1 pm) and the low sensitivity of the force sensor (in the 
range of 10“^ to 10“^ N). 

SFM combines the high force sensitivity of the surface force apparatus with 
the scanning principle of the profilometer. It enables measurement of weak forc- 
es as low as 1 pN with a spatial resolution down to 1 A. 



2.1 

Intermolecular and Surface Forces Relevant to SFM 

A force microscope actually measures the forces between two macroscopic bod- 
ies. The finite size and the macroscopic surface of the tip and the surface spot 
lead to a number of fundamental consequences in their interaction (Fig. 2). 
First, the net force is stronger than the intermolecular forces and it acts at much 
larger distances. Even in the 10-100 nm range, the interaction energy, which is 
proportional to the size of the tip, can exceed kgT. Secondly, the force between a 
spherical tip and a flat surface decays with the separation as F~D“^ (Fig. 2b) 
compared to f~r“^ for the attraction between two atoms (Fig. 2a). In combina- 
tion with the finite tip size, the low force gradient increases the effective interac- 
tion area and limits the resolution (see Sect. 2.3.3). Third, the surrounding me- 





Fig.2. Interaction forces acting in vacuum between a two atoms (f~r ^) and b macroscopic 
particles (e.g., for surface-sphere interaction, F~D“^). The tip position at D=0 corresponds 
to the tip-sample contact, while the range at D<0 corresponds to the sample indentation 
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dium can modify the interaction potential resulting in local minima. And finally, 
the deformation of the bodies upon contact increases the contact area and re- 
sults in additional contribution to the net force. 

In general, the forces which contribute to the net force exerted on the tip can 
be divided into three groups ( Fig. lb); (i) surface forces, F^, (ii) forces due to the 
sample deformation, F^, and (iii) the deflection force of the cantilever, F^. It is 
important to note that all three forces can be of either sign. The van der Waals 
force is determined by the Hamaker constant, which depending on the dielectric 
properties of the contacting phases can be positive or negative. Also the defor- 
mation force can be repulsive or attractive, when the sample is pressed or 
stretched by the tip, respectively. 

Let us first consider the surface attraction. An elementary constituent of the 
interaction between a flat, rigid surface and a sharp, rigid tip in vacuum is the 
pair potential between atoms or small molecules at the tip and the sample, re- 
spectively. The intermolecular forces are essentially electrostatic in origin and 
can be calculated from the spatial distribution of the electron clouds. At large 
distances the forces are attractive and are described by the van der Waals poten- 
tial iv('r)=-C/r®, where C is the interaction constant determined by polarizability 
and dipole moments of the molecules. In order to relate the atomic interaction 
to the interaction between the macroscopic tip and macroscopic surface, one has 
to sum up all intermolecular potentials involved in the interaction. A simple in- 
tegrating procedure can be done assuming additivity of the intermolecular forc- 
es [77]. For a sphere-surface potential, which is a good approximation for the in- 
teraction between the tip and sample, the attractive part of the interaction ener- 
gy becomes 

W(D)=-AR/D, (1) 

where A is the Hamaker constant, R is the radius of spherical tip, and Z is the tip- 
surface distance. This gives the attractive force: 

Fa=dW/dD=AR/D2 (2) 

For a typical value of the Hamaker constant in vacuum, A= 10“^® J, the attrac- 
tive force emerging between a tip with an apex radius of 10 nm and a surface 
separated by 1 nm distance will be F=1 nN. This value sets an approximate scale 
of the forces which are sensed by the scanning force microscope. 

When the tip and sample come in physical contact (Fig. 3a), i.e. Dsintermo- 
lecular distance, the surface interaction from Eq. (2) corresponds to the adhe- 
sion force which is related to the surface energy y as 

Fadh=47tRy (3) 

This equation assumes that the tip and sample are of the same material and 
no deformation occurs. If the tip and the surface are made of different materials, 
the cohesion energy w^-2"^ should be replaced by the work of adhesion. For a hy- 
drocarbon polymer, where mainly dispersion forces are responsible for the tip- 
surface interaction, the work of adhesion can be estimated as 
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where denotes the dispersion part of the tip surface- energy and ys is the sur- 
face energy of the sample [77].For aSi tip and a polymer surface ('Y(‘^=100 mj/m^ 
and 7 s= 25 mj/m^, respectively) the adhesion force will be about nN. The 

value is not small and can cause severe deformation of the tip as well as the sam- 
ple (Sect. 2.3.2). 

Under ambient conditions, the atmosphere contains water and organic con- 
tamination. Depending on the relative humidity, water can condense around the 
contact site and result in capillary forces (Fig. 3b). The meniscus curvature var- 
ies with the relative vapour pressure and the tip shape [77,78]. For a small spher- 
ical tip, the capillary contribution to the adhesion force can be calculated as 

F,3p=4jiRyiCOS0, (4) 

where yj is the surface tension of the condensing vapour and 0 is the contact an- 
gle. For water with yi=73 mN/m^ , the capillary force will be F^.=9 nN. 

Additional complications can arise when two bodies, i.e. the tip and the sam- 
ple, interact in liquid (Fig. 3c). The interaction energy of two macroscopic phas- 
es across a dielectric medium can be calculated based on the Lifshitz continuum 
theory. In contact, when the distance between the phases corresponds to the 
nonretarded regime, the Hamaker constant in Eq. (2) is approximated by: 



a 



c d 



Fig. 3. Different types of the tip-sample contact: a rigid tip and rigid surface in vacuum, b 
capillary condensation of water vapour in the contact area, c interaction in a dielectric me- 
dium, d deformation of a soft sample induced by a rigid tip 
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(5) 



If the dielectric constant of the medium 63 is in between the dielectric con- 
stants of interacting phases 1 and 2, i.e. ej<e 3 <e 2 or ej>e 3 >e 2 , the Hamaker con- 
stant is positive and favours attraction. If 63 is either smaller or larger than ej and 
62 , the Hamaker constant becomes negative resulting in repulsion between the 
tip and sample. In addition, the surrounding medium can contain ions and dis- 
solved molecules. This can change the interaction potential in a complicated 
fashion, depending on the molecular composition, pH and ionic strength of the 
medium [77]. 

At shorter distances the repulsive forces start to dominate. The repulsive in- 
teraction between two molecules can be described by the power-law potential 
~ 1/r" (n>9) caused by overlapping of electron clouds resulting in a conflict with 
the Pauli exclusion principle. For a completely rigid tip and sample whose atoms 
interact as 1/r^^, the repulsion would be described by In practice, both 

the tip and the sample are deformable (Fig. 3d). The tip-sample attraction is bal- 
anced by mechanical stress which arises in the contact area. From the Hertz the- 
ory [77, 79] , the relation between the deformation force Fj and the contact radi- 
us a is given by: 

Fd=Ka3/R (6) 



where K is the elastic modulus of the tip-sample contact = — 

3 



1-v? , 1-Vs 



. -1-1 



where Ej, Vj and E 5 ,Vg are the Young’s moduli and Poissons’s ratios of the tip and 
sample, respectively. Eor a typical contact radius a=5 nm, K=1 GPa and R= 
10 nm, a deformation force will be Ej=12.5 nN. 

In these equations, the repulsion of the sample became interrelated with the 
adhesion force via the contact area. Several models have been developed to in- 
clude the effect of the adhesion forces [80-83]. Johnson, Kendall, and Roberts 
derived the following expression for the contact radius and surface indentation: 






K, 



1/3 



F + 57tRw„+J6nRFw„ + 



-{3KRw„f 



1/3 



(7) 



where E is the applied load, is the work of adhesion. The important conse- 
quence of this theory is that even at zero load (E=0 N) the adhesion between the 
tip and sample leads to a finite contact area and a certain sample indentation. 
These are the two major factors which limits the resolution in SEM (Sect. 2.3.3). 

The interaction forces are balanced by the deflection of the cantilever F^-kAz. 
The spring constant of the cantilever depends on the lever geometry and the ma- 
terial used to built the cantilever. Eor example, the spring constant of a massive 
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a b 




Fig. 4. Two configurations of massive levers which are the most relevant to SFM.a free can- 
tilever of the length 1, the width b and the thickness h; b cantilever supported at the end as 
the tip contacts the surface 



cantilever beam with a rectangular cross section {bxh) in a free (noncontact) 
state is k=3EI/P, where E is the Young’s modulus and I is the momentum of in- 
ertia I=bh^/12 (Eig. 4a). Eor a cantilever in repulsive contact with the sample 
(Eig. 4b), the spring constant becomes larger: 

k=48EI/P (8) 

Eor lateral force measurements, the constant of the cantilever torsion can be 
calculated from k=GJ/l, where G is the shear modulus and J is the polar moment 
of inertia: 

/3.6{b^+h^) 

So far a number of important conclusions can be summarised. The SEM sig- 
nal (deflection of the cantilever) results from a combination of surface and de- 
formation forces. The total surface force between a SEM tip and a polymer sur- 
face includes adhesion and capillary forces, Es^E^^j^-l-E^^p. Eor polymer surface, 
it can be estimated to Eg=15 nN. Lower values might be expected for nonwettable 
and lower energy surfaces. The surface force is balanced by forces from the sur- 
face deformation, Ej, and from the deflection of the cantilever, E^. In order to 
monitor a signal in contact SEM, the deformation forces must exceed the total 
surface forces, E^=E^ - E^. E.g., a net repulsive force of 0.4 nN will be monitored 
by 1 nm deflection of a Si cantilever with the following parameters E=50 GPa, 1= 
100 pm,b=30 pm,h=4 pm,k=0.4 N/m. 

Note, that the surface and deformation forces are of the same order of magni- 
tude. Therefore, surface forces should be as small as possible to minimise dam- 
aging and indentation of soft polymer samples. Eor example, sharp probes have 
a lower capillary attraction and adhesion forces, and therefore enable more gen- 
tle probing of a soft polymer than a blunt tip. A sharp tip can also be moved in 
and out of the contamination layer more readily than a blunt tip. This is partic- 
ularly important for non-contact intermittent contact imaging described in 
Sect. 2.2.1. 

Eurthermore, the surface and deformation forces become interdependent via 
the contact area and respond nonlinearly to the displacement of the cantilever 
base. So far, most of the SEM images presented in literature depict a mixture of 
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the morphology and material properties. It is a challenging experimental task to 
measure the forces in the net response of the cantilever separately and extract 
specific information about the surface structure. This will be discussed in 
Sect. 2.2.2. 

Another puzzling aspect to be addressed regards the resolution in scanning 
force microscopy. In principle, the resolution is limited by the sharpness of the 
scanning probe. The best tips available so far have a probe apex radius of about 
5 nm, which sets the lower limit in the resolution around a few nanometers. Nev- 
ertheless, images with an atomic resolution were readily achieved by many 
groups world-wide, though the contact diameter from Eq. (7) exceeds the inter- 
molecular distance by far, e.g. 2asl0 nm. It became a routine operation to obtain 
atomic resolution images of polymers such as PE and PTEE [58, 84, 85]. However 
one has to discriminate clearly between true atomic resolution, that would also 
allow to visualise local defects, and the usually observed crystalline lattices 
(Sect. 2.3.3). 



2.2 

Instrumentation 

Scanning of an SEM probe across the investigated surface is achieved by means 
of a piezoelectric scanner which moves the sample (or the tip) to generate a scan 

a b 




Sample 



deflection 

' : it 



torsion 




Fig. 5. a Schematic representation of the SFM set-up using the optical beam deflection 
method, b When the tip interacts with the sample surface, the cantilever exhibits deflection 
perpendicular to the surface as well as torsion parallel to the surface plane. The normal 
force F[^ and the lateral force F^ corresponds to the force components which cause the de- 
flection and torsion, respectively. Both responses are monitored simultaneously by the laser 
beam which is focused on the back side of the cantilever and reflected into a four-quadrant 
position sensitive detector (PSD) 
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in the X-Y plane. The scanner is usually fabricated from lead zirconate titanate, 
or PZT ceramic, which changes dimensions when a potential is applied to it, pro- 
viding smooth displacement on the order of 1 A per volt. Force measurements 
are made by recording the deflection of the cantilever end while its flxed end 
(cantilever base) is either moved towards or retracted from the sample. Current- 
ly, an optical lever system is the most common force sensor used in SFM. Canti- 
lever deflections are measured by reflecting a laser beam at the free end of the 
cantilever (Fig. 5) [86, 87]. The change in the reflection angle is detected by a 
multiple segment photodiode known as a position sensitive detector (PSD). 
Other detection systems are discussed in specialised reviews [51-53]. 



2.2.1 

Operating and Imaging Modes 

Scanning force microscopes can be operated in many ways measuring different 
interactions between the probe tip and sample and using different types of de- 
tection schemes. Development of new modes is driven by the wish of the exper- 
imentalist (i) to discriminate the different contributions to the net force, such as 
adhesion, elasticity and viscosity, (ii) to enhance the resolution and contrast of 
the microscope, and (iii) to diminish distortion of the tip and sample during 
scanning. 

Operating modes can be roughly classifled as “contact”, “non-contact”, and 
“intermittent contact” modes depending on the sign of the net forces exerted on 
the tip. When the SFM is operating in the attractive region, it is called “non-con- 
tact”. In this region, the cantilever is bent toward the sample, since it is being 
pulled by attractive forces. Operation in the repulsive region is called “contact” 
imaging. Here, the cantilever is bent away from the sample due to the sample de- 
formation. If an oscillatory tip displacement is sufficiently large to pass through 
both regions, the probe experiences both attractive and repulsive forces. These 
modes are called “intermittent contact”. 

SFM’s can be also classified according to static and dynamic operating modes. 
Under quasi-static conditions, the microscope measures the instantaneous re- 
sponse of the cantilever when it interacts with the sample. Dynamic SFM enables 
separation of the elastic and inelastic component in the cantilever deflection 
when the sample surface is exposed to a periodically varying stress field. The dy- 
namic modes are useful for investigation of viscoelastic materials such as poly- 
mers and results in additional improvements in the signal-to-noise ratio. 

SFM’s can be also classified according to the nature of the medium introduced 
between the tip and sample, e.g. air (ambient SFM), ultra-high vacuum (UHV- 
SFM) and liquid (fluid SFM). In this section, we will discuss each of these aspects 
in more detail. 
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2.2.1.1 
Contact SFM 

In the contact mode, the probe senses forces F acting both perpendicular and 
parallel to the surface plane, i.e. normal forces and lateral forces, respectively 
(Fig. 5). Figure 6 shows a typical force-distance curve obtained when the tip is 
brought into close proximity with the sample surface. The normal force is pro- 
portional to the deflection of the tip(Z;), while the distance is given by the posi- 
tion of the cantilever (Z^) relative to the sample surface. Z^-0 corresponds to the 
straight cantilever (Zj=0) in contact. 

The repulsive forces result in a vertical deflection of the cantilever away from 
the surface. For a hard sample, that does not deform, displacement of the canti- 
lever base, AZ^, will be equal to the tip deflection, AZj. If the spring constant of 
the cantilever, k^, is known, one can determine the force exerted on the sample 
as F=k^ Z(. With a typical SFM cantilever, which has a spring constant of 0.01 to 

0. 1 N/m,the 0.1 nm sensitivity of the optical lever sensor [87] allows registration 
of forces as low as 1 pN. 

The surface structure can be imaged at constant height or at constant force 
(Fig. 7). In the “constant height” mode the vertical position of the cantilever base 
(Z^) is kept fixed as the tip scans laterally across the sample and the cantilever 
deflection is measured to monitor the force variation dZ/dx. This imaging mode 
gives better results on relatively flat areas, where the dZ/dx signal allows one to 
identify tiny corrugations and atomic steps. By maintaining the normal force, 

1. e. deflection Zp at a constant level, the microscope measures variation in height 
(AZ^), i.e. surface topography. This so-called “constant force” mode needs a 




Fig. 6. A force-distance curve displays vertical bending of the cantilever (Zj) versus dis- 
placement of the cantilever base relative to the sample surface (Zf. Respectively, AZ( and 
AZ^ shows the modulation of the cantilever response and the surface position during scan- 
ning of the surface by contact mode SFM 
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T 
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Fig. 7. Force variation (dz,/dx) and topographic (Az,.) profiles recorded by contact mode 
SFM maintaining a constant height (Z^=constant) and a constant force (Z(=constant), re- 
spectively. The actual surface structure is shown beneath the profiles 




Fig. 8. Surface structure of a single crystal of perfluorododecyleicosane F(CF2) 12(CH2)2 oH 
measured by contact mode SFM on the (a) micrometer and (b) nanometer scale. The con- 
stant height image in (a) shows variation of the normal force, while the constant force image 
in (b) displays variation in height caused by densely packed CF3 end groups protruding at 
the surface 



highly efficient feedback loop and requires a low scan rate. At high speed, the to- 
pography signal is superimposed by cantilever deflection effects because of a 
relatively slow feedback response. For normal operating conditions, SFM con- 
tact imaging is a mixture of both modes. 

One of the main advantages of contact SFM is the high spatial resolution. Var- 
iations in height as small as 0.01 nm can be easily detected in the constant height 
mode. Figure 8a shows as an example the image of the smectic structure of per- 
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Fig. 9. Torsion of the cantilever, i.e. the lateral force signal F^, upon scanning from left to 
right a corrugated surface a with a “sticky” region b 



fluorododecyleicosane F(CF2)i2(CH2)2oH where sharp layer steps cause strong 
variations of the force signal. Figure 8b shows a high resolution surface image 
with the regular arrangement of the CF3 end groups. 

The lateral force microscope (LFM) is a modification of the standard contact 
mode SFM [87-90]. In addition to the normal forces, the friction forces exerted 
on the probe are measured via torsion of the cantilever (Fig. 5). This mode is 
sometimes called “friction force microscopy”. LFM can be used in combination 
with topographic imaging as it shows changes in material as well as enhanced 
contrast on sharp edges (Fig. 9). In addition to morphology, it provides informa- 
tion on the friction and wear properties (Sect. 3.4). 

Other valuable extensions of contact-mode SFM probe micromechanical 
properties of the sample. Variation of the repulsive force or upward deflection of 
the cantilever are registered while a Z-modulation is applied either to the sample 
or the cantilever base (Fig. 6). The dZ/dZ^ signal contains information about the 
local stiffness dF/dd of the sample, where 5-Zf-Z^ is the indentation depth. Mi- 
cromechanical applications will be discussed in Sect. 2.2. 

2.2.1. 2 

Non-Contact SFM 

A severe drawback of the contact mode is that the native structure of soft sam- 
ples can be easily distorted due to adhesion and friction forces (Sect. 2.3.2). One 
way to overcome this problem, at least partially, is probing the surface in the 
non-contact regime. Operation of the non-contact mode is similar to the contact 
mode, except that the probe operates in the attractive force region, where the 
cantilever is bent towards the surface [91]. However, when the probe is not in 
contact with the surface, it is difficult to achieve stable imaging conditions. 
Eventually, the cantilever can be trapped by meniscus forces due to a liquid con- 
tamination layer between the surface and the probe. Because of instantaneous 
changes in the surface roughness, electrostatic charges at the surface, and the 
relative humidity in the surrounding atmosphere, the attractive forces can alter 
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significantly. For example, if the probe breaks the meniscus as it crosses a high 
step on the surface, the feedback control will be lost and the tip will snap into 
contact with the sample surface. 

Relatively stable imaging with a static non-contact mode can be performed by 
monitoring long range forces. For example, electrostatic forces have a much 
longer range compared to the van der Waals forces, and can be easily used for 
non-contact mode SFM [92]. The sensing of the electrical double layer enabled 
in-situ observation of hemicylindrical micelles of ionic surfactant molecules on 
graphite at a separation of ca. 40 nm [93]. 

To enhance the sensitivity to weak forces acting at large distances, a modula- 
tion technique has been developed. In this mode, the cantilever is vibrated at its 
resonant frequency with a constant amplitude as it is brought close to the sample 
surface. The amplitude is set to be smaller than the tip-sample separation, e.g. 
about 1 nm, so that the force gradient can be sensed at different distances from 
the surface without contact to it. When the cantilever senses a positive force gra- 
dient, the resonance frequency shifts to lower values. A feedback loop is used to 
adjust the distance by maintaining a constant frequency. This way, a three-di- 
mensional image of the sample surface is generated. Force gradients as small as 
10 mN/m and forces as small as 0.1 pN were detected at a tip-surface separation 
gap of 1 nm [91, 94, 95]. Recent developments in non-contact SFM has enhanced 
the achievable resolution significantly and made it possible to resolve monoatomic 
defects [96]. In these experiments, the extremely stable conditions over long time 
periods could be only achieved in ultra high vacuiun at temperatures down to 10 K. 

Although it is a prominent advantage of non-contact SFM, that images may be 
obtained of very soft samples, the techniques are not widely used, due to the 
problems in maintaining feedback and relatively low spatial resolution. To pre- 
vent the “jump to contact”, magnetically controlled feedback has been devel- 
oped for accurate registration of reversible force-distance curves near the inflec- 
tion point in the energy potential [97]. Another development uses a tunnelling 
current feedback to control a smallest possible tip-sample separation and thus 
achieve the true atomic resolution [98]. An electric field has been also employed 
for imaging liquid films and droplets [99]. Recently, a so-called phase-lock tech- 
nique was proposed for stabilising the cantilever resonance when approaching 
the surface [100]. All these recent advances give a certain hope that non-contact 
SFM techniques will find a wider range of applications in the near future. 

2.2.1 .3 

Intermittent Contact 

In this mode, the cantilever oscillates near its free resonant frequency cOq with an 
amplitude which is sufficiently high to overcome adhesion forces [101]. The tip 
rapidly moves in and out of the sample surface so that it stays in contact only for 
a short fraction of the oscillation period. Depending on the cantilever type, the 
frequency typically varies from 50 to 500 kHz, and the amplitude changes up to 
100 nm. 
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Fig. 10. Variation of the tip deflection Z, as the oscillating cantilever approaches the sample 
surface. is the distance between the cantilever base and the surface 



Figure 10 outlines the variation of the tip deflection as the oscillating canti- 
lever is brought towards the surface. Depending on the tip-surface separation, 
three regimes can be distinguished: (i) non-contact, (ii) intermittent contact 
(IC), or tapping, and (iii) contact. At large distances, the cantilever oscillates 
with a constant amplitude which is determined by viscous damping of the can- 
tilever body in air. When approaching the surface, the oscillations are amplified 
by the positive force gradient as it reduces the effective spring constant of the 
cantilever. Eventually, the oscillations become unstable and the tip jumps into 
contact. Still the energy of the cantilever is high enough to overcome adhesion 
forces and to be detached from the surface. The amplitude and the contact du- 
ration increase with decreasing the distance between the surface and the canti- 
lever base. At some point, the amplitude drops rapidly and the tip become 
trapped by the sample. Beyond this point, the tip stays permanently in contact 
with the surface. 

In order to understand the origin of the amplitude and phase images in taping 
mode SFM, it is instructive to examine the cantilever response as a function of 
the distance and frequency at a fixed laferal posifion. Figure 1 1 depicfs variafion 
of fhe amplifude, Aq, and fhe phase shiff, (p, as a funcfion of fime (Fig. 1 la), fhe 
oscillafion frequency co (Fig. 1 lb) and fhe canfilever-base displacemenf 
(Fig. llc-f). 

The diagrams in Fig. 1 lb can be obfained by fhe so-called “frequency-sweep” 
mefhod, where fhe laferal position and the distance Z^ are fixed, while fhe fre- 
quency is varied around co^. The value corresponds fo a given sef-poinf rafio 
of fhe amplifude in confacf fo fhe free amplifude, r^p^A^p/Af. Depending on fhe 
fip-sample inferacfion, bofh fhe amplifude and fhe phase curve shifts in a cer- 
tain direction. When the overall force is repulsive, the resonance frequency 
moves to higher values and results in a positive phase shift A(p=90 °-(p>0, where 
the phase shift of 90 ° corresponds to the free cantilever oscillations at in 
Eq. 12. When the force is attractive the resonance frequency decreases compared 
to the free cantilever and Acp becomes negative. The situation in Fig. 11b corre- 
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Fig. 11. a Tip oscillations at co=COo for the free cantilever and during intermittent contact 
(IC) with the sample, b Variation of the amplitude and the phase versus frequency obtained 
by sweeping the frequency around C0=(0q; Variation of the c amplitude and e phase versus 
tip-sample separation as the tip goes from non-contact to the contact range via the IC re- 
gime. The curves on the right side of c and e display amplitude-distance d and phase-dis- 
tance f variation recorded while approaching and retracting the cantilever near the onset of 
the IC repulsive range (squares in (c) and (e)). The curves were recorded above and below 
the resonance frequency cOq of the free cantilever. Reproduced after [116] 



sponds to the repulsive interaction. The amplitude peak retains its symmetrical 
shape and becomes broader. Note that the amplitude peak can occur at frequen- 
cies which are higher than the resonance frequency of the damped cantilever. 
Such changes are typically observed for soft polymers [ 102]. The broadening in- 
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dicates the decrease of the quality factor, caused by the energy dissipation due to 
the tip-sample interaction, whereas the frequency deviation is consistent with 
the sample oscillation [103]. For hard samples, such as glassy polymers, one can 
observe truncation of the amplitude peak and hysteresis of the amplitude and 
phase curves which are characteristic for a strong repulsion [104-106]. Under 
certain conditions, the system can also reveal bistability, where two stable states 
with different amplitudes occur at the same frequency [107]. This can result in 
flipping or inversion of the phase contrast. 

The diagrams in Fig. llc-f can be measured by the “force probe” method, 
when the amplitude and phase are measured as the tip approaches and retracts 
the surface vertically. In the non-contact range, both the amplitude and the 
phase retain their constant values (Fig. 1 lc,e). When the tip enters the intermit- 
tent contact range (Z<Zo),both the amplitude and the phase reduces almost lin- 
early on approaching the surface. The deviation of the amplitude signal from a 
certain set-point value is used by a feedback loop to maintain the separation 
Z^. between the tip and sample constant, and hereby visualise the surface struc- 
ture. When the surface composition is uniform, the amplitude variation is main- 
ly caused by the surface topography. However, if the surface is heterogeneous, 
the variation in the amplitude can be affected by local differences in viscoelas- 
ticity [108-110 ] and adhesion [111] of the sample (Sect. 2.2.2). 

In the transition region between the attractive and intermittent contact 
(Fig. lld,f), the cantilever response depends on the oscillation frequency, co, 
with respect to the resonance frequency of the free cantilever, cOq [112, 113]. At 
distances greater that Zq, the positive force gradient leads to a reduction of the 
resonance frequency. When co>cOo,the lower frequency shift results in a decrease 
of the amplitude (Fig. lid). In this distance/frequency range, the microscope 
can be operated in a purely attractive held preventing the contact. When the tip 
reaches the repulsive part of the interaction potential, the negative force gradi- 
ent increases the effective spring constant and shifts the resonance frequency to 
higher values. The resulting increase in the amplitude moves the tip towards the 
repulsive held which causes a further increase in the amplitude. This auto-am- 
pliflcation process makes the dynamic system unstable until it reaches the IC re- 
gime at Z<Zg. A different behaviour is observed when scanning below the reso- 
nance frequency (oxcOg). In the attractive force region, the amplitude increases 
until it becomes equal to the mean distance between the tip and the surface. At 
this moment, the tip snap into contact and enter the IC range. In contrast to the 
C0>C0g regime, it is hardly possible to realise a stable non-contact operation as the 
amplitude is amplifled on approaching the surface. Compared to the amplitude, 
the phase (Fig. 1 If) is more sensitive to the sign of the forces and to the tip-sur- 
face distance. In the transition range, inversion of the phase contrast might oc- 
cur upon variation of the free amplitude or the set-point ratio [ 109-112]. 

For many reasons, the tapping mode is one of the most versatile develop- 
ments in scanning force microscopy [1 14]. It was originally introduced for stable 
imaging at ambient conditions as the probe penetrates the contamination layer 
rapidly and intermittently. Besides that, there are three other key advantages of 
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the tapping mode over conventional contact SFM. Forces exerted on the sample 
can be minimised due to the enhanced sensitivity towards small variations in 
amplitude at the resonant conditions. Thus, the tapping mode becomes applica- 
ble for imaging soft and fragile samples (Sects. 3 and 4). Secondly, there are no 
lateral forces that can tear the sample or damage the tip because the tip only con- 
tacts the surface briefly during each oscillation. This property is of primary im- 
portance for imaging of objects that do not adhere strongly to the substrates. Fi- 
nally, the cantilever oscillates at high frequencies from 50 to 500 kHz, where 
many viscoelastic materials, such as polymers, respond elastically. 



2.2.2 

Scanning Force Microscopes for Studying Materiai Properties 

A scanning force microscope probes a number of material properties such as 
elastic modulus, viscosity, friction coefficient as well as the work of adhesion 
and the surface energy by sensing different forces exerted on a sharp tip in the 
near field of the surface. The local mechanical properties are of great importance 
for designing microscopic devices consisting of moving parts that experience 
intermittent deformations ranging from 10-100 nm and local forces as low as 
nanoNewtons [115]. Also development of new functional materials and nano- 
composites requires information about interfacial interactions and mechanical 
properties on the nanoscale [20, 23]. In conventional SFM experiments, these 
properties contribute equally to the net force (Sect. 2.1). In order to analyse each 
contribution separately, the experiment should be specially designed where one 
defines the mechanical field, the frequency range, the tip geometry, and the can- 
tilever spring-constant. 

2.2.2.1 

Quasi-Static Acquisition of the Force-Distance Curves 

At the beginning, the focus in using SFM for probing of micromechanical prop- 
erties has been placed on elasticity to distinguish components with different 
stiffness. Somewhat latter, also viscoelastic and relaxation properties were inves- 
tigated using modulation techniques. Figure 12 shows a typical forces-distance 
curve for a viscoelastic sample as obtained upon vertical displacement of the 
cantilever base towards and outwards the sample surface. A low frequency range 
around 1 Hz corresponds to quasi-static acquisition of the curve. The most 
strong changes in the cantilever response occur in the contact regime (B-C). As- 
suming that the spring constant, the position sensitive detector and the piezoe- 
lectric transducer are calibrated, one can measure the force F versus the sample 
deformation d-Z^-Z^. In the limit of small contact areas, the sample stiffness k = 
F/8 can be used as a measure of the Young’s modulus E and the contact radius a 
related as k^a. However, one must take great care regarding the application of 
continuum theories for the contact mechanics in the limit of nanometer sized 
contacts and relaxation effects. The continuum approach was shown to provide 
a good basis for description of elastic contacts as low as 1-2 nm in radius [116]. 
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Fig. 12. A force-distance curve displays the vertical bending of the cantilever (Z,) versus 
displacement of the cantilever base (Z^) for a soft sample. The sample indentation 8=Zj.-Z, 
as well as the plastic deformation 8p at F=kZ(=0 can be extracted from the curves recorded 
on approaching and retracting the cantilever 



The unloading curve from point C to E gives the plastic deformation 5p and 
the adhesion force measured at a maximum downward deflection. 

The deflection after point D is indicative for the tip-sample adhesion, which 
can be caused by at least two effects: surface forces and stretching of a small 
portion of the sample adhering to the tip. In the latter case, the adhesion com- 
petes with cohesive forces. Thermodynamically, the stretching can be de- 
scribed by the balance between the work of adhesion and the cohesion energy, 
where the resulting force also depends on the stretching rate and the yield 
stress of the material [117]. Therefore, the “pull-off ” force F^kS^, which is of- 
ten used to characterise the adhesive properties, might be of limited use for 
soft polymer samples. 

Complementary to the normal force measurement, lateral forces can be re- 
corded simultaneously to investigate friction properties of the materials. The 
point contact between the tip and sample is a suitable probe for studying the re- 
lation between friction and contact area as a function of the applied load and the 
surface composition [115]. The contact radius at a certain applied load can be 
found by measuring the contact stiffness, provided that the lateral force is small- 
er than the force of limiting friction [118,119]. Depending on the surface defor- 
mation and material stiffness, an appropriate model has to be chosen for the cal- 
culation [120]. Tribological experiments are less reproducible on scanning of 
large areas because of the surface roughness, the chemical heterogeneity, and 
deformation of the surface asperities. To ensure the quantitative measurement, 
the LEM experiment has to be performed in ultra high vacuum using cantilever 
with a calibrated spring constant and a well characterised tip shape. 
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The quasi-static acquisition and interpretation of the force-distance curves is 
straightforward for elastic materials. The information is generally incomplete 
and less reproducible for polymers which demonstrate viscoelastic contact, 
plastic deformation, and ploughing type friction. Moreover, they exhibit a wide 
spectrum of relaxation times from 10^ to 10® Hz [121]. 



2 . 2 . 2.2 

Modulation Techniques 

Modulation techniques offer the possibility to measure the elastic and retarded 
cantilever responses separately. In this case, either the sample or the tip is oscil- 
lated by an external means, such as piezoelectric transducer or magnetic field, 
in order to record the in-phase and out-off-phase amplitude signal. Figure 13a 
gives schematic representation of a modulation experiment where the ampli- 
tude, Zp and the phase difference, cp, are recorded while the z-position of the 
sample relatively to the cantilever base, is modulated by a high-frequency 
transducer underneath the sample [122]. The relationship between the cantilev- 
er response and the material properties can be analysed in terms of the Voigt 
model consisting of two springs (kj,k^) and two dash pots (Pg, P^) of the sample 
and the cantilever, respectively. For small excitation amplitudes, this model can 
be solved analytically assuming harmonic potentials, i.e. linear dependence of 
the interaction forces on the sample deformation 8=Z^.-Zj. In this case, the am- 
plitude ratio and tangent of the phase difference between the sample displace- 
ment and the cantilever response are given by 
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Figure 13b depicts the frequency dependence of the cantilever amplitude for 
different k/k^ ratios. Depending on whether the tip oscillates below, near and 
above the contact resonance, the configuration of the experiment and the data 
interpretation can be different. Each of the modulation techniques has its advan- 
tages and limitations regarding derivation of the material properties from the 
experimental data. 

The so-called Force Modulation Mode (FMM) was introduced in 1991 as a 
modification of contact-mode SFM [123] and has since found a wide range of 
applications in heterogeneous polymer systems [124-129]. The FMM imaging 
is performed by z-modulating the probe (or sample) at a low frequency of 
about 5 to 20 kHz and an amplitude greater than 10 nm. The frequency is sig- 
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a b 




Fig. 13. a Rheological model for the cantilever response on applying a displacement modu- 
lation to a transducer underneath the sample; b the solution to the model gives the ratio of 
the amplitudes of the tip response Z, to the sample excitation as a function of the logco/cOg 

for different ratios between the sample stiffness and the spring constant of the cantilever 
k^. Reproduced after [122] 
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Fig. 14. Variation of the cantilever amplitude (A) recorded by force-modulation SFM where 
the z-position of the sample was modulated. The sample displays a heterogeneous surface 
consisting of soft and hard areas 



nificantly faster than the scan rate, however well below the resonance frequen- 
cy cOg of the cantilever (region I in Fig. 13b). To prevent tip-sample disconnec- 
tion, the force on the sample is modulated in the repulsive range (Fig. 6). In this 
case, the tip does not vibrate, but rather indents the sample by imposing an os- 
cillating force F(z) on the sample surface (Fig. 14). Under the same force, a stiff 
area will deform less than a soft area, and therefore leads to greater bending of 
the cantilever. Better control of the surface deformation can be achieved when 
the force is applied directly to the tip using e.g., a magnetic cantilever [ 130, 131]. 
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Low-frequency acquisition of the curves corresponds to a non-inertial regime 
wherein the mass of the cantilever does not play any role and the system can be 
treated as two springs in series. The in-phase and out-of-phase mechanical re- 
sponse of the cantilever in FMM-SFM was interpreted in terms of stiffness and 
damping properties of the sample, respectively [125, 126]. This interpretation 
works rather good for compliant materials, but can be problematic for stiff sam- 
ples. Assuming low damping, the cantilever response (Eqs. 9 and 10) below the 
resonance frequency 0 )q for the case of is given by 

Z/Z^—>k/(k^+k^) 

tan^J-^O 

For stiff samples (k^«k^),the amplitude ratio is Z^Z~\ and the deflection of 
the cantilever almost does not depend on the stiffness (Fig. 13b). Under this con- 
dition, FMM-SFM can hardly distinguish surface areas differing in stiffness. To 
overcome this limitation and obtain measurable changes in the deflection, one 
has to use either stiff cantilevers or large amplitudes. These may cause lateral 
sliding of the tip, and thereby diminish resolution and incorporate frictional ef- 
fects into the image [131, 132]. 

Several techniques were developed to study local viscoelastic properties at 
the contact area without scanning. In this case, one loses the lateral mapping 
but gains the possibility to perform force modulation spectroscopy at different 
frequencies ranging from 50 Hz to 10 kHz. The measurements can be done un- 
der normal [133-135] as well as shear [136] loading using a standard scanning 
force microscope. Irrespective of the loading conditions, the sample is oscillat- 
ed at a very small amplitude, typically of 1-2 A, to reduce microslip. The nor- 
mal force modulation data are more complicated to interpret compared to the 
shear modulation spectroscopy, as the contact area is not constant and the 
cantilever response contains always a lateral movement due to the cantilever 
bending [132, 137]. These techniques have been used for investigation of the 
surface viscoelasticity of polystyrene Aims as a function of molecular weight 
[133], and to measure the contact area creep and relaxation times of poly(vi- 
nylethylene) [136]. 

To minimise the friction effect, it has been proposed to use smaller ampli- 
tudes and higher frequencies [122, 137]. The so-called scanning local-accelera- 
tion microscopy (SLAM) is another modification of contact-mode SFM which 
was implemented by vibrating the sample at a frequency above the highest tip- 
sample resonance (region III in Fig. 13b). In this frequency range (around 
1 MHz), the cantilever response to the sample excitations becomes independent 
of the cantilever stiffness and depends linearly on the “contact stiffness” and re- 
ciprocally on the cantilever mass m (Fig. 13b): 
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The linear dependence on is a strong advantage compared to the force- 
modulation SFM. Due to the inertia of the cantilever mass at high frequencies, 
the tip cannot follow completely the displacement of the sample. This results in 
smaller elastic deformations and low forces in the pN range, which are measured 
by accelerated mass md^z/df. Recently, the SLAM technique has been advanced 
toward variable temperature experiments [138]. Before this development, tem- 
perature ramps have been used to perform local calorimetry [139]. 

Information about the local mechanical properties can be also obtained by 
choosing the frequency close to the resonance of the tip-sample assembly (re- 
gion II in Fig. 13b). Under these conditions, both the amplitude and the phase 
respond strongly to small variations in the stiffness and damping properties of 
the sample. This approach was realised in intermittent contact SFM which meas- 
ures the variation of the amplitude, AA=A^Aj(., and the phase shift, A(p=(pf-(pj(-, 
between the free and intermittently interacting cantilever (Fig. 11). Experimen- 
tally, the amplitude is maintained constant at a certain set-point value A^ by a 
feedback circuit in order to generate topographic image, while the phase shift is 
used to map the physical properties of the surface. 

In spite of the apparent sensitivity to the material properties, the direct as- 
signment of the phase contrast to variation in the chemical composition or a 
specific property of the surface is hardly possible. Considerable difficulties for 
theoretical examination of the tapping mode result from several factors: (i) the 
abrupt transition from an attractive force regime to strong repulsion which acts 
for a short moment of the oscillation period, (ii) localisation of the tip-sample 
interaction in a nanoscopic contact area, (iii) the non-linear variation of both at- 
tractive forces and mechanical compliance in the repulsive regime, and (iv) the 
interdependence of the material properties (viscoelasticity, adhesion, friction) 
and scanning parameters (amplitude, frequency, cantilever position). The inter- 
pretation of the phase and amplitude images becomes especially intricate for 
viscoelastic polymers. 

An approximate solution of the equation of motion can be found assiuning har- 
monic oscillations even though an intermittent and non-linear force dependence is 
introduced [102, 140-143]. For high oscillation frequencies in a MHz range, where 
most of the polymer samples behave elastically (low damping, high stiffness), the 
relation between the cantilever response and the material properties is given by 




tan^ = 



+413^0)^ ^ 1 k, 

{col +4:13^0)^ 

^ 2j3,mo) 

col-co^ 



( 11 ) 



(12) 



where Qj.=cOo/2Pc - quality factor of the free cantilever, C 0 g=c 0 o+Aco and (3g - effective 
resonance frequency and damping coefficient of the tapping cantilever, respectively. 
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At high set-point amplitude ratios r 5 p=Aj/Af, when the sample deformation 
and hence are relatively low (light tapping), the phase shift at co=cOg can be 
written as 



, n _r iB.mcOn k, ^ 
A(p = --tan 

2 k, K 



(13) 



where (ppJt/2 is a maximum shift due to the viscous damping in air, Qj,=( 0 g/ 2 Pg 
- effective quality factor of the tapping cantilever assuming that C 0 o>>c 0 g-C 0 o. 
Therefore, at light tapping of an elastic sample Qe~Qc- 

These equations lead to a few important consequences, (i) Since both r^p and 
Acp depends linearly on k^, the phase signal will not distinguish between two 
elastic areas differing in stiffness under the condition of the constant set-point 
ratio (Aj(-=Ag). (ii) The phase contrast may arise from differences in elastic 
properties once the sample provides a channel for energy dissipation (Qe<Qc)- 
In this case, the sample stiffness affects the phase signal indirectly as it deter- 
mines the contact areas and the duration of the contact, (iii) The formula for Acp 
predicts a negative shift, i.e. a phase lag greater than 90°, when the overall force 
acting on the tip is attractive (k^, C0g-C0o<0). In contrast, the phase shift is posi- 
tive when the overall force is repulsive (k^, C 0 g-COQ> 0 ). To summarise, stiffer and 
less viscous areas (large k^ and Qg in Eq. 13) will be imaged with a greater Acp 
corresponding to a lower level of energy dissipation. 

Amongst different channels of the energy dissipation, the most relevant are 
the sample viscosity, the contact friction, and the adhesion hysteresis. When the 
drive frequency is chosen to be C0o> the power that is dissipated when the tip pe- 
riodically interacts with the sample can be written as 



1 kA^coQ 

2 Qc 



^^sm^-1 



Complementary to model calculations of the non-linear equation of motion 
[112, 113, 140-143], this approach is based on analysis of the energy flow in 
and out of the dynamic system [144]. The equation does not specify the source 
of damping and simply shows how to interpret phase images taken on reso- 
nance at constant amplitude. As long the microscope operates either in attrac- 
tive or repulsive regime, then any changes in the phase signal are caused by the 
energy being dissipated in the tip-sample junction, and sincp is proportional to 
the dissipation power P. In non-contact microscopies, it can be convenient to 
feedback on the frequency to maintain the lever on resonance. In that case, the 
phase is held constant and changes in P appear in the cantilever amplitude 
[145]. 

The experiment shows that under the typical tapping conditions, the phase 
signal is mainly caused by the repulsive forces due to the sample deformation 
[102]. For example, for a polymer blend consisting of polypropylene (PP) phase 
embedded in a polyurethane (PU) matrix, the stiffer PP demonstrated a maxi- 
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mum power dissipation of about 0.8 pW, which corresponds to an energy dissi- 
pation of 66 eV per tap [146]. The softer PU exhibited an energy dissipation 
which was about three times higher, i.e. 202 eV per tap. The latter is equivalent 
to 8x10^ kgT (at 293 K), which roughly corresponds to a few thousands of atoms 
involved into the tip-sample interaction. For the interaction volume V=100 nm^ 
and the tip radius R=10 nm, one can estimate a contact radius to be about 5 nm 
assuming the elastic contact with V^a'^/R. 

The one exception in which phase contrast is not due to the dissipation arises 
when the tip jumps between attraction phases (>90°) and repulsion phases 
(<90°). Since sine is a symmetric function about 90°, the phase changes sym- 
metric even if there are no losses in the tip-sample interaction. The relative con- 
tribution of the repulsive and attractive forces can be estimated experimentally 
from the frequency-sweep curves in Fig. 1 lb by measuring the effective quality 
factor as Qe=(Oo/A(Oi/ 2 , where A( 0 i /2 is the half- width of the amplitude curve. The 
relative contribution of the attractive forces was shown to increase with increas- 
ing the set-point ratio r 5 p=As/Af. Eventually, this may lead to the inversion of the 
phase contrast when the overall force becomes attractive [110, 112]. The effect 
of the attractive forces becomes especially prominent for dull tips due to the 
larger contact area [147]. 

In conclusion, tapping mode SFM allows rather gentle monitoring of the sur- 
face topography and, at the same time, discriminates structural details differing 
in their viscoelastic properties and adhesion. It must however be emphasised 
that the influence of the sample material properties on the cantilever response 
are intricate. Neither are topographic tapping images independent of sample 
properties, nor is it possible to extract material properties readily from the tap- 
ping data. Moreover, interpretation of the images requires the contact stiffness, 
which is connected to the elastic modulus through the contact area. Since the 
contact radius is usually not known, one should be careful in the interpretation 
of the stiffness and phase images. At least, accurate evaluation of the tip geome- 
try is necessary to obtain a reliable value of the elastic modulus (see Sect. 2.3.1). 

2.2.2.3 

Chemical Force Microscopy 

Lately one has been able to encounter experimental studies more frequently de- 
noted “Chemical Force Microscopy”, CMF. This includes various attempts to ob- 
serve tip-surface interactions which are speciflc to the chemical constitution of 
the surface. Mostly, CFM involves modiflcation of the tip by a surface layer with 
molecules which contain particular functional groups, i.e. hydrophilic or hydro- 
phobic moieties, hydrogen bonding groups, ionic substituents and molecular 
units which can undergo electron-donor-acceptor interactions. However, some- 
times the term “Chemical Force Microscopy” is just used for any method which 
can provide a material speciflc contrast. Depending on the speciflcity, CFM pro- 
vides valuable information on the nanoscale composition complementary to 
other surface characterisation methods which are sensitive to the chemical con- 
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stitution, i.e. vibration spectroscopy, SIMS, XPS, energy dispersion X-ray analy- 
sis and many others [148]. The intriguing aspect is that investigations can be 
performed under ambient conditions and, most important, that the relevant in- 
teractions are probed locally on the scale of a few nanometers. 

For example, chemical contrast images were obtained by lateral force micro- 
scopy (LFM) from a topologically flat surface of a self assembled monolayer con- 
sisting of chemically different domains. In order to make the “chemical” adhe- 
sion the dominant contribution to the friction signal, the tip was modifled by a 
monolayer with appropriate terminal groups [149-155]. However, since LFM 
operates in contact mode, the surface deformation is inevitable. 

Non-contact and intermittent contact methods were introduced to overcome 
the effect of sample deformation in contact mode imaging. Depending on the 
tip-surface separation, the phase shift between free oscillation in air and oscil- 
lation in the near held of the surface provides information either about the at- 
tractive force gradient [112] or the contact adhesion. It has been demonstrated 
that the phase contrast in tapping mode imaging of chemically distinct monol- 
ayer regions and the adhesion forces are directly correlated, i.e. increasing adhe- 
sion forces lead to an increase in the phase lag [111]. Under reasonable experi- 
mental conditions, a change of 5 nN in adhesion force can produce a phase shift 
of about 2° [ 142]. However, as discussed above, the net phase signal can be fur- 
ther affected by the capillary condensation in the contact area and viscoelastic 
properties of the sample. 

Chemical interactions between the tip and the surface can be determined also 
from the force-distance curves. The so-called “pull-off force”, which is associat- 
ed to adhesion of the tip towards the sample, can be scanned directly over the X- 
Y plane [156]. In the case of conventional data sampling, image resolution is lim- 
ited because of the large amount of data which have to be collected for each im- 
age point [ 129]. High sampling rates can be achieved by means of the so-called 
Pulse Force Mode (Fig. 15), which is based on analogous processing of the force- 
distance curves [157]. PFM-SFM is able to measure simultaneously the local 
stiffness and adhesion at the surface. A sinusoidal modulation is applied to the 
z-piezoelectric scanner and only a few characteristic points on the force-dis- 
tance curve are recorded as the sample surface and the probing tip are brought 
into cyclic contact. For example, the inflection point with a maximum dF/dz 
slope can be taken for the sample elasticity and the “pull-off force” is character- 
istic for adhesion. 

The modulation frequency is typically in the range from 100 Hz to 3 kHz, and 
thus much lower than the resonance frequencies of the cantilever and the scan- 
ner. This enables better control of the forces exerted on the sample. The z-mod- 
ulation amplitude can be varied between 10 nm and 1 pm to ensure that that the 
tip is retracted from the surface. Shear forces are reduced permitting investiga- 
tion of soft samples because of the small duration of the tip-surface contact, be- 
tween 10“^ and 10“^ s. Pulse force mode SFM has been used to map adhesion of 
heterogeneous polymers in dependence of temperature and molecular weight as 
well as map electrostatic double-layer interactions [158-160]. 
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Fig. 15. Schematic illustration of the principle of pulse mode SFM [157]. The schematic il- 
lustrations of the tip-cantilever assemblies above the force diagram correspond to different 
positions of the cantilever base relatively to the sample surface 



Another approach to extract the adhesion force has been demonstrated re- 
cently by Burnham et al. using scanning local acceleration microscopy (SLAM) 
[ 122]. If a high frequency oscillation with a modulated amplitude is applied to the 
sample, the cantilever can respond nonlinearly. Similar to the non-linear behav- 
iour of an electrical diode, the cantilever signal exhibits changes above a certain 
threshold amplitude. Both the signal height and the threshold amplitude depend 
on the elastic modulus and the surface energy of the sample. Recently, a princi- 
pally new approach to sensing of the chemical composition has been demonstrat- 
ed by using SFM tip as a scattering centre for infrared radiation in the near field 
of the sample [160]. This aperture-less technique enabled measurement of IR-ad- 
sorption spectra with resolution below A./100, i.e. on a scale of about 100 nm. 

2.2.2.4 

Other Modes and Scanning Probe Techniques Useful for Polymers 

Different SPM systems were developed to study the thermal properties. Thus a 
tiny thermocouple can be used to measure the heat flow from the surface and to 
test the local thermoconductivity of polymer surfaces [161]. Recently, a bimetal- 
lic cantilever has been used as temperature sensor to investigate phase transi- 
tions of n-alkanes with a heat sensitivity of 500 pj for a sample mass as low as to 
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7 pg [162]. Also micromechanical thermogravimetry could be performed using 
a piezoresistive cantilever enabling simultaneous control of the temperature and 
nanogram quantities of material [163]. Based on a conventional STM, a scan- 
ning thermopower microscope (STPM) was developed to measure simultane- 
ously the topography and the heat flow of an organic monolayer. The ther- 
mopower signal is not sensitive to the surface roughness, but it permits imaging 
of single molecules and provides information on the chemical potential of the 
adsorbate [164]. 

An interesting approach to the investigation of cell membranes was intro- 
duced by the so-called patch clamp technique (PCT) based on SFM [165]. A 
patch of the membrane of a biological cell was fixed at the end of a pipette and 
studied by SFM. The cell can be kept alive for several days, while one can inves- 
tigate both morphology and micromechanical properties of the cell membranes 
on the nanometer range. Structures as small as 10-20 nm and forces as low as 
0.1 nN could be resolved which enabled investigation of the binding of labelled 
antibodies, pore formation, and dynamics of the membrane structure. 

Special experiments were designed to measure long range electrostatic and 
magnetic forces. The so-called “lift mode” uses a combination of contact and 
non-contact imaging in order to determinate variations in the surface topogra- 
phy and electromagnetic surface effects [ 166]. The same surface area is scanned 
two times. First, the tip scans in a close proximity to the surface to record the to- 
pography. Afterwards, the tip is lifted to a larger separation and scan the surface 
once again along the topographic profile recorded previously in order fo obfain 
only the force micrograph without variations caused by the surface roughness. 

Recently, pneumatic SFM has been developed for investigation of porous ma- 
terials regarding pore size, distribution of the pores, and the gas permeability 
[167]. Figure 16a shows a schematic diagram of the pressure chamber which is 
sealed hermetically with the membrane to be investigated. The pore structure 
was identified as fhe gas (N 2 ) sfarfed fo sfream fhrough fhe pores resulfing in fhe 
upward deflecfion of fhe canfilever away from fhe membrane surface. Figure 16b 
shows a pneumafic SFM image of a nuclear pore membrane of polycarbonafe 
(pore diamefer=400 nm) af a pressure difference of ca. 0.4 bar. The observed el- 
evafions corresponds fo fhe gas cones from fhe finy nifrogen sfreams fhrough 
the pores. 



2.2.3 

From Ambient Conditions to Measurement in Liquid and Vacuum 
2.2.3.1 

Ambient Conditions 

At ambient conditions the sample surface is always covered by a thin contamina- 
tion layer. This layer is mainly composed of water, however, also other com- 
pounds can adsorb to the sample surface and the surface of the tip. Depending 
on the vapour pressure of the contaminant, the layer thickness can range from 2 
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Fig. 16. a Schematic diagram of the pressure chamber for characterisation of flat mem- 
branes by means of a pneumatic SFM. b Height image of a nuclear pore membrane of poly- 
carbonate recorded by the pneumatic SFM at a pressure difference of 0.4 bar. The elevations 
are resulted from the nitrogen streams through the pores. Reproduced from [167] 



to 50 A. For example, at 40-50% relative humidity, mica is covered by a water 
layer with an average thickness of 2 A [ 168, 169]. At higher humidity, even mul- 
tilayers are formed. 

As the tip of the probe comes into contact with the contamination layer, cap- 
illary action causes formation of a meniscus around the tip which gives an addi- 
tional contribution to the interaction between the probe and sample (Fig. 3b). 
Depending on the wetting conditions, the probe can be either pulled to the sur- 
face or repelled. Usually the capillary forces are attractive as the regular Si and 
Si 3 N 4 probes are wettable by water and organic molecules. The magnitude of the 
capillary force depends on the radius of curvature and the opening angle of the 
tip [170]. Formation of a liquid neck as well as the force exerted on the tip can 
be detected by SFM operating near its resonance frequency [171]. 

2.2.3.2 

Ultrahigh Vacuum SFM 

Contact SFM can be performed at much lower forces in vacuum than in air. Due 
to elimination of the thin water layer, also operation in non-contact mode be- 
came much more stable at distances near to the surface. UHV-SFM in contact 
mode allows easily nanometer resolution and even atomic-scale features could 
be resolved by non-contact SFM using a special feedback scheme [98, 172]. Thus, 
UHV conditions strongly advance non-destructive imaging of soft surfaces and 
make the measurements more reproducible and quantitative. 

The severe limitations are high costs of the UHV set up and special require- 
ments to samples that should sustain the UHV conditions. The first UHV-AFM 
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with atomic resolution at 5 K was demonstrated in 1992 using a tunnelling sen- 
sor to measure the cantilever deflection [173]. Other groups developed alterna- 
tive designs based on sensing capacitance, interferometric sensors and beam de- 
flection [174-176]. Further improvements in this held are connected with mi- 
crofabrication of piezoresistive cantilevers [172]. 

2.2.S.3 

Measurement in Liquid 

One of the main advantages of scanning force microscopy is based on its ability 
to perform in situ imaging in liquids, something not possible with electron mi- 
croscopy. Interfacial forces and morphology variation at the liquid/solid inter- 
face can be investigated as a function of the solvent quality, the ionic strength, 
and pH [177-181]. Even structural forces indicating layering of the solvent be- 
tween the tip and sample could be identifled [ 182, 183]. In addition, the immer- 
sion of the tip into the liquid prevents capillary condensation (Eq. 4) and may 
cause disjoining pressure (negative A in Eq. 5). Consequently, the repulsive force 
exerted on the sample can be set lower than in air, typically about 1 nN, so that 
soft polymers and biological samples can be imaged without distortion of their 
native structure. By imaging a low adhesion surface under water, Binnig et al. 
were able to bring an SEM tip into contact gently and achieve atomic resolution 
of the calcite surface [184]. 

The surface deformation could be reduced even further with intermittent 
contact SEM. Tapping mode imaging in liquids has been described by several 
groups [185-191]. The main focus has been put on biological systems such as 
DNA, cells, chromosomes and proteins. However, it turned out to be rather 
tricky to perform the measurements. The resonant frequencies were usually 2- 
5 times lower than in air and the resonant peak gets strongly dampened and 
broadened [192, 193]. Because of acoustic excitation of the cantilever holder and 
the body of fluid, the spectrum can be superimposed by other resonance’s which 
not sensitive to the surface approach and cannot be used for the feedback con- 
trol [185]. 

Better control of the cantilever oscillation in liquid environment can be 
achieved when the cantilever is oscillated directly by an external force. This idea 
was implemented by the so-called Magnetic-Alternative-Current Mode (MAC 
Mode) [ 194]. A magnetic cantilever is driven by an external magnetic held which 
is generated by a solenoid placed beneath the sample. The direct excitation of 
the cantilever avoids unwanted resonance’s from the cantilever holder, the fluid 
body, and the sample itself furthermore, the improved signal-to-noise ratio al- 
lows smaller oscillation amplitudes and set point ratios A^p/Af closer to 1. Both 
factors result in a signiflcant reduction in the energy deposited into the sample, 

which can be estimated asE~ ^k^A^ - A^p j . Magnetic probes were used for 

the determination of the sample stiffness [187, 195] as well as the local compli- 
ance of ordered liquid layers at solid-liquid interfaces [183, 196]. 
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It must be noted that also the design and operation of a fluid cell is of great 
importance. The cell should be inert against the liquid and sealed in order to 
avoid leakage or evaporation of the liquid. Any variation of the total mass 
changes the resonant properties of the cantilever assembly. It can disturb the 
measurements or even result in unstable imaging conditions. Both the liquid 
and the sample surface should be of maximum purity. Adsorption of some con- 
taminant on the surface of the cantilever or the probe tip has to be taken into 
account as it can result in imaging artefacts and even destruction of the force 
sensor. The description of different designs of fluid cells can be found elsewhere 
[57]. 

To summarise this section, today’s scanning force microscopy involves a large 
variety of methods differing in the probed force held (contact, non-contact, in- 
termittent contact), operating conditions (from vacuum to condensed liquid) 
and registration principles (static, dynamic). Advanced scanning force micro- 
scopes often combine the different methods. The most intriguing advantages of 
SFM over conventional microscopy techniques, apart from the superior resolu- 
tion and the operation under various environmental conditions, result from the 
ability to measure micromechanical properties, interfacial forces and to manip- 
ulate of the surface structures on the nanometer scale (Sect. 3). 



2.2.4 

Improved Force Probes 

The so-called optical lever [86, 87] is widely used to sense the forces between the 
tip and sample down to 1 pN (Fig. 5). In this detection system, vertical displace- 
ments AZ; of the tip are converted to angular deflections of a laser beam reflect- 
ed off the back side of the cantilever into a position sensitive detector (PSD). The 
movement of the beam centre over the detector area is given by AK-gAZf. The 
optical lever acts as a displacement amplifier whose gain factor g=d/l depends on 
the cantilever length I and the distance d between the cantilever end and the PSD 
centre. From the values 1=10“^ m and m, for a typical microfabricated 

cantilever with an integrated tip we obtain the gain factor g=100, which can be 
even higher up to 1000 depending on the microscope construction. The angular 
sensitivity is limited by the laser power and noise in the system. Typically, tip 
displacements as low as 0.1 nm can be detected by the optical lever. 

A suitable cantilever has to meet certain requirements regarding the spring 
constant and the resonance frequency [72]. In conventional contact-mode SFM, 
weak cantilevers with a low spring constant are recommended to decrease the 
sample deformation. On the other hand, thermal oscillations of the cantilever 
set a lower limit for the spring constant as kj„j^~kgT/Zf^. Imaging with a thermal 
noise below Zj=0.1 A, which is about 10% of the optical-lever sensitivity, would 
require a minimum spring constant of about 40 N/m. It is important to note that 
in contact-mode SFM the lower limit refers to the effective spring constant k^j^ 
k^+k{„p which includes the cantilever spring constant k^ the interaction force 
gradient ki„f-dF/dz due to the sample deformation. Since both constants are in- 
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terrelated via the contact area, these equations can be solved to determine the 
minimum value Aq of the contact radius corresponding to N/m. For small 

deformation, the interaction constant can be written as ki„f~ExaQ and the spring 



constant can be determined from Eq. 6 as k^ 




, where A is the sen- 



sitivity of the detection system and R is the tip radius. For A=1 A and R=10 nm, 
a polymer sample with the elastic modulus K=1 GPa will undergo deformation 
with a contact radius Aq-A nm. Therefore, the interaction constant of the soft 
sample will be only 4 N/m, which allows to reduce the spring constant of the can- 
tilever to 36 N/m. Further reduction of the spring constant would require addi- 
tional sample indentation to increase the contact area or measurement with a 
higher thermal noise. 

Another requirement is that the resonance frequency of the cantilever has to 
be selected as high as possible to reduce the effect of acoustic and building vi- 
brations. In order to sustain a high frequency, while reducing the spring con- 
stant, it is necessary to reduce the mass of the cantilever, i.e. the size and/or the 
material density should be chosen as small as possible. 

Usually, microfabrication techniques are used to prepare cantilevers with in- 
tegrated tips of various shapes, mass and spring constants [ 1 97, 1 98] . Depending 
on the cantilever geometry and material used to construct the cantilever [52], 
the frequency of commercial cantilevers typically varies from 15 kHz to more 
than 500 kHz, and the spring constants range from 0.01 to 100 N/m. Microma- 
chining techniques can be used to prepare special probes such as meander-type 
cantilevers for bidirectional force microscopy [199]. 

A new type of cantilevers based on polymers has been microfabricated using 
multilayer thin film technology [200]. Novolak was used as a photoresist for 
microstructuring on Si or Si 3 N 4 substrates with subsequent thermal curing. Tips 
were grown at the end of the cantilever using the electron beam deposition tech- 
nique [201-204]. Due to the polymer structure, these cantilevers show very low 
force constants down to 0.003 N/m but still relatively high resonance frequencies 
up to 36 kHz. 

Special cantilevers have been designed for in-vacuum as well as in-liquid op- 
eration. Piezoresistive cantilevers [205] and micromachined cantilevers with an 
integrated electronic sensor [206] make the deflection measurements more sim- 
ple, however demonstrate lower force sensitivity. 



2.2.4.1 

Probe Geometry 

Depending on the sample and the experiment to be done, tips of different sharp- 
ness, aspect ratio and chemical nature are required. Sharp tips are necessary to 
improve lateral resolution and reduce adhesion forces, whereas tips with a high 
aspect ratio, i.e. the ratio between the length and the diameter of the tip, are re- 
quired for rough surfaces to record steep variations in height. Integrated tips of 
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Si 3 N 4 or Si with a radius below 10 nm can be prepared using microfabrication 
techniques [197, 198]. The silicon nitride probe represents a pyramid with ca. 
5 pm long sides of a square base and the opening angle of 70.5°. Etched silicon 
probes are conical in shape, with a base radius of 3-6 pm and a height of 10- 
20 pm. Compared to the pyramidal tips. Si probes have a higher aspect ratio and 
smaller opening angle. 

Microfabricated SFM-probe tips are often blunt and have a wide opening an- 
gle. Electron-beam assisted chemical vapour deposition can be used to make 
tips with narrow opening angles and large aspect ratio [201-204]. The probes 
with a diamond-like composition are grown on top of standard pyramidal tips 
when the electron beam of a scanning electron microscope is focused onto the 
point of the pyramid provided that the vacuum chamber contains some organic 
contamination. By this deposition process one could make tips which are 1.5- 
2 pm long, with a radius of 10 nm and an aspect ratio >10. These tips have been 
successfully used for imaging DNA [207]. A combination of an atomic force mi- 
croscope with a scanning electron microscope was proposed to shorten the time 
between growth and testing of the e-beam tips [208]. By changing the electron 
beam direction, it was also possible to create tips with hooked or ball-shaped 
ends which might be of interest for probing long range colloidal forces [178]. 

High aspect ratio SFM probes can be also made by a focused-ion-beam (FIB) 
technique [209-211]. Microtips were reproducibly grown up to 1.0 pm in length 
and 0.1 pm in diameter. A tip radius as low as 5 nm could be achieved and was 
found to degrade only slightly after extensive SFM imaging. Conventional tips 
can be modified by etching techniques so that a sharper probe apex is provided 
[ 212 ]. 

The mechanical deformation of the extra long tips limits the aspect ratio to a 
certain maximum. Also the probe apex can be damaged whenever the tip 
crashed into a hard surface and moves laterally. A more sophisticated but very 
promising approach to increase durability of the tips was introduced recently by 
Dai et al. [213]. Individual carbon nanotubes several nanometers in length and 
5-20 nm in diameter were attached to silicon cantilevers. Due to the small diam- 
eter, the capillary forces could be reduced below 5 nN, permitting tapping-mode 
measurements with soft cantilevers (k=0.01 N/m) and a peak-to-peak ampli- 
tude of 10 nm. Because of their flexibility, the tips were resistant to damage from 
tip crashes, while their slenderness permitted imaging of sharp protrusions in 
surface topography. In addition, the nanotube tips can be used for STM imaging 
due to their electric conductivity. 

Special probes were introduced to measure surface forces in colloidal systems 
as a function of the ionic strength and the concentration of surfactant molecules 
[214]. A so-called colloid probe can be prepared by gluing a silica sphere onto a 
conventional Si 3 N 4 tip [179]. 

Over the last few years, chemical modification of the tips has attracted a lot of 
attention because of their application for chemical force microscopy. Different 
methods have been developed to functionalise a SFM-tip with either hydropho- 
bic or hydrophilic molecules. Most of them are based on the monolayer self-as- 
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sembly yielding a dense coating with a well defined surface structure [215,216]. 
With modified tips one can easily identify patches differing in composition 
when studying a chemically heterogeneous surface [151, 152, 217-219]. This can 
be done either with lateral force microscopy or even by conventional SFM pro- 
vided that the adhesion contribution to the net force is relatively large. Recently, 
a pure adhesive contrast has been achieved upon imaging a surface structured 
by the microcontact printing (pCP) technique [220] using a Pulse-Force-Mode 
[159] as well as tapping mode SFM’s [ 1 1 1 ]. An important application of the mod- 
ified tips is directed towards molecular recognition in biological systems [221, 
222] and long range hydrophobic interactions [223]. 



2.3 

Typical Problems Encountered when SFM Imaging 

In this section, we will discuss a few selected problems which are often faced by 
the experimentalist studying polymer samples with SFM. To these problems we 
refer to the unknown shape of the probe apex (Sect. 2.3.1), deformation of the 
sample (Sect. 2.3.2), and limitations in lateral resolution (Sect. 2.3.3). 



2.3.1 

Calibration of the Tip Shape 

The physical geometry of the tip is involved in the imaging process in many re- 
spects. In the contact regime, the tip radius determines the contact area which is 
directly involved in the adhesion and friction forces between the tip and sample. 
For easily damaged or weakly adherent samples, sharp tips are required to en- 
sure scanning at lower forces with minimal sample damaging. In the non-con- 
tact regime, the finite size of the tip in combination with the relatively large gap 
increases the effective interaction area and therefore diminishes both lateral and 
vertical resolution of the images. Finally, the tip geometry is crucial for imaging 
of surface structures which are commensurate with the tip shape. Blunt tips, or 
tips with large opening angles, will cause steps to appear sloped, and corners or 
peaks to appear rounded (Fig. 7). Additionally, blunt tips are unable to reach 
down into narrow valleys to image the surface at the bottom of these valleys. 
These and other artefacts originating from convolution of the tip shape with the 
surface topography have been discussed elsewhere [224-226]. 

As was demonstrated theoretically, a single atom at the end of a rigid tip is not 
stable as well as tips with an infinite aspect ratio do not exist [227, 228]. There- 
fore, SFM tips are truncated and require a special procedure to calibrate their 
unknown geometry. Electron microscopy was widely employed for ex-situ ex- 
amination of the tip shape [226, 229, 230]. This technique provides valuable in- 
formation on the overall shape of the tip, however it is less suitable for charac- 
terisation of the nanometer sized probe apex. 

Several authors proposed to use a specially designed substrate for in-situ cal- 
ibration of the tip shape based on extraction of the tip geometry from the topo- 
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graphic profile of the substrate [231-236]. This procedure can be done before, 
during of or immediately after the experiment in order to monitor the degrada- 
tion of the tip over extended use. Depending on the substrate structure, this ap- 
proach can be used for microscopic characterisation of the overall shape of the 
tip as well as nanoscopic characterisation of the probe apex. In the former case, 
one can use various structures steeply protruding or sticking out of the surface. 
The high aspect ratio structures with sharp edges can be produced by different 
microfabrication techniques such as microlithography, ion-beam etching, or 
chemical vapour deposition [231-233]. An apparent disadvantage of such sub- 
strates is the intrinsic imperfection of the microfabricated structures. Actually, 
the substrates are prepared by the same techniques which are used for the tip 
fabrication, and therefore contain defects of the same size scale. Therefore, their 
application for testing of the outermost part of the tip is limited. 

In order to measure the radius of the probe apex and identify atomic scale as- 
perities on it, one has to use native structures such as colloidal particles and sin- 
gle crystals whose geometry is strictly defined. Figure 17 shows different sub- 
strates which can be used for calibration of probe apex. Spherical particles of 
gold with a diameter below 100 nm were used to calibrate the tip shape and eval- 
uate the lateral dimensions of biomolecules [234]. For a parabolic tip in Fig. 17a 
the tip radius R is determined by the cut off height fig and the opening angle a 
as R=hoSina/(l-sina). When the particle radius r is larger than the tip curvature 
(r>R), the fig and a can be determine from the S-shape of the scan line: 

tana=dL/dZ 

hg= [Lcosa-r( 1 -i-sina) ] / sina, 

where L is the lateral size of the particle deduced from the cross sectional profile [235] . 

When the particle is smaller than the tip curvature (r<R), the tip radius can 
be determined directly from the SFM profile as R=L^/4r (Fig. 17b). This calibra- 




Fig.l7. Different methods for the shape calibration of the probe apex using a - a large 
sphere (r>R), b - a small sphere (r<R), c - a terrace of height h, d - a saw tooth surface of a 
single crystal formed of alternating crystalline planes 
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tion method works rather well if the particle has perfect spherical shape, is rigid, 
and do not move during the scanning process. 

Crystalline steps enable very easy measurement the tip radius using the equa- 
tion R=L^/2 h, where h is the step height (Fig. 17c). This calibration method re- 
quires a rigid substrate with many steps which are uniform in height in a range of 
1-10 nm. 

Single crystals with a stepped surface structure represent one of the most ac- 
curate calibration techniques (Fig. 17d). Such surfaces can be prepared by cut- 
ting a crystal at a certain angle relatively to the main crystallographic planes. 
Some of the cut planes are thermodynamically unfavourable resulting in the 
surface recrystallisation. For example, a saw tooth profile emerges on the surface 
of (305) cut crystal of SrTiOj [236]. The profile is formed of the alternating (101) 
and (103) planes inclined at 11 and 14 degrees with respect to the (305) surface 
of the wafer, respectively. In addition to the crystallographically defined surface 
structure, the wafer is rigid and does not change its structure during extended 
use at ambient conditions. This calibration method was used to quantify the 
contact area required for characterisation of micromechanical surface proper- 
ties such as friction [237] and hardness [238]. 



2.3.2 

Sample Deformation in Contact Mode SFM 

For soft materials such as polymers and biomolecules, mechanical deformation 
of the sample caused by the tip is a point for serious concern. The consequences 
of the deformation are rather severe. First, it increases contact area and there- 
fore reduces resolution. Second, the height profile of the surface can be under- 
estimated. Third, the original structure of the sample can be destroyed irrevers- 
ibly. Furthermore, the tip itself can be deformed when imaging hard samples 
[239]. 

There are two major sources of the deformation in contact-mode SFM: the 
elasticity of the cantilever and the adhesion between the tip and sample surface. 
For purely elastic deformation, a variety of models have been developed to calcu- 
late the contact area and sample indentation. The lower limit for the contact di- 
ameter and sample indentation can be determined based on the Hertz model 
without taking into account the surface interactions [79]. For two bodies, i.e. a 
spherical tip and an elastic half-space, pressed together by an external force F the 
contact radius a and the indentation depth 8 are given by the following equations: 

a=(3RF/4K)i'3 



5=a^/R 



where F is the applied force, and K is the elastic modulus of the material given 
by K=2 E/3(l-v^) with E the Young’s modulus and v the Poisson’s ratio. Eor a 
10 nm tip, E=10 GPa and a typical SEM load of 1 nN, one can expect a contact 
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radius and surface deformation larger than a=0.95 nm and 8=0.09 nm, respec- 
tively. From the contact area, the pressure can be estimated as a=F/jta^= 
335 MPa. This value is higher than compressive strength of polymers, which 
typically lies between 1 and 50 MPa, indicating that the microscope operates be- 
yond the yielding point and may cause plastic deformation of the surface. 

Also adhesion between the tip and sample can cause deformation of the sam- 
ple. Several theories have been developed to include the effect of adhesive forc- 
es. In the JKR theory adhesion forces outside the contact area are neglected and 
elastic stresses at the contact line are infinite [80]. Even under zero load, the ad- 
hesion force results in a finite contact radius a=(9JiR^y/2 as obtained from 
Eq. 7 for E=0. Eor example, for a tip radius R=10 nm, E=lGPa, typical surface 
energy for polymers y=25 mN/m, and typical SEM load E=1 nN, the contact ra- 
dius will be about a=9.5 nm and 8-9 nm, while under zero load the contact ra- 
dius and the deformation become a=4.5 nm and 8-2 nm, respectively. The ex- 
periment shows that under zero load the contact radius for a 10 nm tungsten tip 
and an organic film in air is 2.4 nm [240] . The contact radius caused only by ad- 
hesion is almost five times larger than the Hertzian diameter calculated above. 
It means, that even at very small forces the surface deformation as well as the 
lateral resolution is determined by adhesion between the tip and sample. 

The JKR approximation works well for high adhesion, large radii of curvature 
and compliant materials but may underestimate surface forces. An alternative 
theory have been developed by Derjaguin, Muller, Toporov (DMT) to include 
noncontact adhesion forces acting in a ring-shaped zone around the contact area 
[81]. On the other hand, the DMT approximation constrains the tip-sample ge- 
ometry to remain Hertzian, as if adhesion forces could not deform the surfaces. 
The DMT model applies to rigid systems with small adhesion and radius of cur- 
vature, but may underestimate the contact area. Eor many SEM’s, the actual sit- 
uation is likely to lie somewhere between these two models [ 1 16]. The transition 
between the models their applicability for SEM problems were analysed else- 
where [120, 143]. 

In the above discussed theories, purely elastic deformation was assumed. In 
practice, the SEM tip can cause inelastic deformation or even move portions of 
the material away from the contact area. 



2.3.3 

Limitations in Resoiution 

Similar to all scanning microscopies, the resolution in SEM depends on the ef- 
fective size of the probe and its modifications which arise from sample-probe in- 
teractions. Theoretically, the effective size is determined by the probe geometry 
and the force-distance dependence between the tip and sample. In addition, the 
aperture increases because of the tip-sample deformation, surface roughness, 
capillary forces, and various sources of noise. Experimentally, the resolution is 
limited by the sensitivity of the force detection system, the image noise, and the 
scanner precision. 
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As shown in the previous section, the minimum contact radius may exceed 
the interatomic distance by far, though the atomic resolution is routinely 
achieved in many laboratories world wide. Apparently, the resolution in SFM is 
a more complex problem than just geometric commensurability of the probe 
size and the surface morphology. At least, one has to treat the problem different- 
ly regarding visualisation of the atomic structure and resolution of nanometer 
sized features. 

2.3.3.1 

Atomic Resolution 

Despite the relatively large contact radius in contact mode SFM (from 1 to 
20 nm), an atomic lattice image was obtained for many organic and inorganic 
substrates, both in the topographic mode and in the lateral force measurement 
[84, 85, 88, 90]. Usually, the images showed almost perfect order, and lack of the 
real space structure including defects on the atomic scale. However, there should 
be no mystery to atomic imaging. One has to clearly distinguish between the 
real-space resolution and visualisation of the crystalline lattice. Some of the 
anomalous imaging phenomena on the atomic scale were explained based on 
Moire mechanism which can generate periodic fringes within the interaction re- 
gion [241-243]. The mechanism is illustrated in Fig. 18 by a one-dimensional 
model of the lateral sliding of two lattices over each other at a given height. The 
signal on the detector represents a superposition of two lattices k and 1 as I(x)= 
(l-l-cosk(x-l-e)(l-l-coslx). The total signal measured by the probe microscope is 

A 

given by s = j where A is the width of the tip “aperture” over which the 

signal is measured. Periodic variations of the cantilever deflection upon the 
multiatom contact was corroborated by computer simulations [244, 245]. 

It is important to note that the lattice image in Fig. 18a does not depend on 
the interaction type and even on the aperture size provided the lattices are per- 
fect and the k/1 ratio is an integer number. If there are defects in the real space 
structure and the distance between them is comparable with the contact radius, 
the phase relation between the lattices can be distorted and the regular structure 
will vanish (Fig. 18b). This will also occur when the ratio between periodicities 
of the tip and surface is irrational. In both cases, a small aperture is required to 
maintain a reasonable level of the measured signal. 

Therefore, in most cases the scanning force microscope gives a lattice image 
similar to diffraction techniques. Visualisation of non-periodic structures or lat- 
tice defects, which means the true atomic resolution is exceptional and practi- 
cally not attainable for polymers [58, 236, 246]. The smallest defects observed by 
conventional SFM are linear dislocations whose lengths exceed the contact di- 
ameter [247-249]. To approach the true atomic resolution, the aperture must be 
decreased as far as possible by using sharper tips and operating at lowest meas- 
urable forces to minimise the contact area. For example, to achieve the contact 
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Fig. 18. One-dimensional model for visualisation of the surface lattice by a blunt tip based 
on the Moire mechanism, a The signal, which is measured by the detector during lateral 
sliding of the two lattices over each other, represents a superposition of the two wave vectors 
k and 1; b The regular pattern vanishes when the correlation between the lattices is dis- 
turbed by the irregular surface structure; c The regular pattern retains though a single atom 
defect emerges in the surface lattice 



diameter below 5 A, the favourable experimental conditions would be E= 
100 GPa, R=1 nm and a work of adhesion of 100 mj/m^. 

Any distortion of the sample, in particular plastic deformation, can disturb 
lattice imaging and makes impossible visualisation of the lattice defects. Opera- 
tion in liquids results in smaller sample deformation and might even prevent de- 
struction of tiny asperities ant the tip end [250]. By minimising the adhesion 
forces, Binnig et al has observed different types of point-like defects on the 
(1014) cleavage surface of calcite [184]. In contradiction to this approach, Ma- 
gonov et al. demonstrated well-resolved atomic-scale images of inorganic lay- 
ered crystals which were scanned with high forces up to several hundred nanoN- 
ewtons [58]. It has been suggested, that under the strong repulsion condition, a 
few outermost atoms might dominate in the force towards detection of point- 
like defects. 

In non-contact SFM, the effective contact diameter of a spherical tip (R) and 
a flat surface is given by the area of a flat disk whose interaction force with the 
surface is the same as that of the tip-surface interaction at the same surface sep- 
aration D [77]. The disk diameter can be calculated as d=2XRD. For a typical set 
of experimental parameters such as R=10 nm and D=1 nm, the effective inter- 
action diameter is about d=6.3 nm. In practice, the lateral resolution in non- 
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Fig. 19. Series of images (damping signal at constant frequency) of a pair of point defects. a 
and b were acquired consequently (10 min time lapses); c is a schematic drawing of the ob- 
served structure; d and e were acquired after a sudden change of the distance between the 
defects by the amount aQ=5.6 A (lattice constant of NaCl) during 70 and 110 min after (a), 
respectively; f illustrates the reduced separation. Courtesy of R. Liithi [98] 



contact mode SFM is rarely better than 5 nm, which is mainly limited by the tip- 
sample separation. On the other hand, because of the capillary instabilities, the 
non-contact operation at distances lower than 1-2 nm is hardly possible [242]. 
Recently, true atomic resolution on Si and NaCl (Fig. 19) was achieved by means 
of a home-built vacuum SFM which enables stable operation in a near contact 
regime [98]. The microscope uses stiff cantilevers with conductive tips, operates 
at resonance conditions (f=153 kHz) and large amplitudes (tens of nanometers). 
To prevent the jump-to-contact and keep the closest separation between the os- 
cillating tip, a special feedback mechanism based on a tunnelling current be- 
tween the tip and sample was developed. 

2.3.3.2 

Nanoscopic Resolution 

Unlike the lattice imaging which can be performed by blunt tips, the finite size 
and 3D shape of the tip become important for imaging of the surface structure 
on the nanometer scale, where the tip shape and the surface topography may su- 
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perimpose. Compared to the atomic resolution, different and more simple crite- 
ria can be developed for the nanoscopic resolution based on deconvolution of 
the topographic signal [251]. For example, the sample consists of densely packed 
spheres which are scanned with a 10 nm tip (Fig. 20a). If the spheres are rigid, 
the resulting profile will be a smooth curve with a dimple at the middle point be- 
tween the particles. The dimple depth can be calculated as Az=d^/(4d-l-8R). If the 
SFM detector has a sensitivity of ca. 0.1 nm, the dimple of 0.1 nm will be detect- 
ed for the particles whose radius is greater than 3 nm. 

Another model system, which is quite typical for SFM measurements, con- 
sists of a pair of sharp spikes separated by distance d. The dimple in Fig. 20b can 
be calculated as Az=d^/8R, e.g. for Az=0.1 nm, the minimum detectable separa- 
tion will be 2.8 nm. 

The above considered models assume that the sample is rigid, which is not the 
case for polymer samples. For example, flattening of the spheres in Fig. 20d re- 
duces the resolution considerably. A typical deformation of 0.5 nm results in a 
minimum sphere diameter of about 6.4 nm detectable by a 10 nm tip. A few ex- 
amples of single molecule resolution will be discussed in Sect. 4. 






♦ iAz 

Fig. 20. Different surface morphologies illustrate limitations in the nanoscopic resolution 
of the scanning force microscope . a - two rigid spheres, b - two rigid spikes, c - two soft 
spheres. While Az is the lower limit for the dimple to be resolved by the tip of radius R, d 
corresponds to the lateral resolution of the SFM tip 
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To summarise, the nanoscopic resolution is determined by the tip geometry 
and the surface deformation. Sharper tips and smaller deformations are recom- 
mended to resolve three dimensional objects of the nanometer size. However, 
these requirements are controversial. As the tip radius is reduced, the local 
pressure on the sample increases inversely to the radius. This dependence aris- 
es because the contact area is proportional to the square of the radius, whereas 
the interaction forces scale roughly with the tip dimension. Therefore, the res- 
olution can be only improved if sharper tips will be used in combination with 
lower forces. 

3 

Characterisation and Manipulation Tools for Nanotechnology 



3.1 

Microphase Separation in Block-Copolymer Films 

It is a routine SFM experiment to investigate the heterogeneous structure of pol- 
ymer blends and composites containing micrometer sized domains [69]. A less 
trivial problem is to resolve and characterise the features on the nanometer scale 
(around 10 nm), which are comparable to the tip size and the contact area. Typ- 
ical systems, which demonstrate microheterogeneous structures, are block co- 
polymers consisting of chemically different and physically incompatible blocks, 
e.g. A and B. As a result of the interconnectivity of the blocks, block copolymers 
undergo microphase separation, where the size of the microdomains is restrict- 
ed to the molecular dimensions. One can distinguish between AB diblock copol- 
ymers and triblock copolymers (ABA and ABC). 

In the bulk, diblock copolymers show different morphologies consisting of 
spheres (the cubic phase), rods (the hexagonal phase) and sheets (the lamellar 
phase), including peculiar transition structures [28, 252, 253]. The morphology 
type depends on the copolymer composition and a balance between the interfa- 
cial energies, the curvature and the chain stretching [254-256]. In the proximity 
of a solid wall or free surface, the interaction of the blocks with the boundary 
phase (e.g. air or substrate) favours preferential segregation of one of the blocks 
at the interface [257, 258]. This can induce parallel orientation of the microdo- 
main structure with respect to the interface plane. For example, symmetric di- 
block copolymers assemble into a multilayered film whose thickness is an inte- 
ger number of the equilibrium repeat period [10, 259-261]. The quantitation of 
the film thickness can be easily documented by SFM using the topographic 
mode. Figure 21 shows a peculiar surface morphology which was formed upon 
annealing at 170 °C a thin film of PS-h-PMMA. Interfacial interactions caused 
“dewetting” of the film and resulted in a ziggurat-like structure of alternating PS 
and PMMA layers. The height of the circular terraces L=29± 1 nm corresponds 
to the equilibrium period of the copolymer. 

The cylindrical morphology occurs upon the phase separation of nonsym- 
metric diblock copolymers as well as ABA triblock copolymers. In thin films, the 
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Fig. 21 . Ziggurat-like structure obtained by SFM after annealing at 170 °C for one day a thin 
film of symmetric P(S-fi-MMA) diblock copolymer (M„=57,000 g/mol). A step height of 
29±1 nm corresponds to the lamellar periodicity. Reproduced from [261] 
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general trend in minimising of the interfacial energy can cause a transition from 
cylinders to lamellae [258, 262, 263]. Upon approaching the equilibrium, the 
lower surface- energy block concentrates at the surface and covers the cylindrical 
morphology by a thin overlayer. Indeed, a featureless structure of a styrene- 
butadiene-styrene (SBS) copolymer was observed by SFM under light tapping 
conditions [264-267]. However, as the tip-sample force was increased, both the 
height and phase images gradually underwent local changes and eventually re- 
vealed the cylindrical pattern underneath the topmost butadiene rich layer. This 
observation is in contradiction to the earlier studies showing that the cylinders 
tend to reorient with their main axis perpendicular to the surface [268]. Presum- 
ably, the perpendicular orientation was caused by quenching a non-equilibrium 
structure upon the fast solvent evaporation. The difference in the cylinder ori- 
entation was observed upon variation of the film thickness with respect to the 
cylinder spacing [269]. While thick SBS films (Kraton D-1102 C) displayed only 
the parallel orientation, both orientations were observed in the ultrathin films of 
a non-integer thickness (e.g. 49 nm). To summarise, with SFM alone, it is very 
problematic to distinguish between the cylindrical and edge-on lamellae mor- 
phology as well as between the covered and naked microdomain structure. 
Complementary techniques must be used to learn more about the true topogra- 
phy and chemical composition of the surface, and orientation of the domains 
near the surface. 

Recently, significant advances have been made in controlling the microdo- 
main orientation in diblock copolymer films [10, 11,270-284]. When the copol- 
ymer is placed between two solid interfaces, the morphology responds strongly 
to the deviation of the film thickness from the integer number of the layers [271- 
274]. By adjusting the chemical structure of the interfaces so that both blocks in- 
teract with them equally, perpendicular orientation of the microdomains was 
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achieved [270]. Also packing incommensurability between a crystallizable block 
and an amorphous block can lead to frustration in the confined block copoly- 
mer and cause perpendicular orientation of the blocks [275]. Figure 22 shows a 
thin film morphology of a low molecular weight copolymer of hydrogenated 
polybutadiene and polyethylene oxide. It was crystallised at 38 °C closed to a tri- 
ple line caused by the dewetting process so that both PB and PEO block became 
exposed to the surface. 

In ultrathin films (thinner than the equilibrium period) the microphase sepa- 
ration is controlled by the surface interactions following one of the scenarios in 
Fig. 23. In the strong segregation limit, where one of the blocks interacts strongly 
with the substrate, lateral phase separation might occur similar to those in 
Fig. 23b. Upon adsorption of diblock copolymer P(S-fi-2VP) from a non-selective 
solvent on mica, P2VP adsorbs preferentially to mica and anchors the PS block to 
the surface [276-279]. In the thus formed “pinned micelles” [280], protruding is- 
lands correspond to PS clusters surrounded by a P2VP film (Fig. 24). The height 
of the clusters, their lateral diameter, and average spacing depends on the block 




Fig .22. Phase image of a thin film of a hydrogenated polybutadiene-polyethyleneoxide 
blockcopolymer (3700-2900 g/mol) on mica. The film was crystallised at 38 °C close to a 
triple line caused by dewetting. Courtesy of G. Reiter [275] 



a be 




Fig .23. Schematic illustration of wetting geometries expected for ultra- thin films of di- 
block copolymers: a - parallel lamellae, b - surface (pinned) micelles, c - perpendicular la- 
mellae. L corresponds to the equilibrium period of the lamellar morphology 
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Fig. 24. Regular patterns were formed by adsorption of P(S-b-2VP) block copolymer on 
mica and imaged by contact mode SFM. The micrograph size is 2. 5x2. 5 pm^. Depending on 
the polymer composition, periodicity of the PS clusters varied from 80 to 350 nm and their 
size changed from 50 to 140 nm [277]. The compositions are indicated above the micro- 
graphs and depict the degree polymerisation of PS and P2VP blocks, respectively. The 
drawing illustrates the pattern origin due to microphase segregation of the polymer blocks 
on the selective substrate. Courtesy of P. Eibeck and M. Moller 



length ratio and the interaction parameters [279]. For example, unlike the glob- 
ular micelles of P(S-h-2VP), worm-like aggregates are formed upon adsorption 
of P(S-h-4VP) resulting in a striped surface pattern as shown in Fig. 25. 

A few attempts have been made to generate a surface pattern by adsorption of 
a diblock copolymer to a chemically heterogeneous surface [281-283]. Figure 26 
shows two SFM images of symmetric P(S-h-MMA) block copolymers differing 
in the molecular weight after they were cast on a heterogeneous surface contain- 
ing Au/Si02 stripes with a 60 nm periodicity, respectively. The molecular weight 
was adjusted with respect to the periodicity of the substrate in order to control 
microdomain orientation over long ranges. An electric field was shown to be an 
alternative means of controlling the copolymer orientation [284]. This type of 
laterally structured films offer many interesting applications in nanoscience and 
technology [11,20,23]. 

In a selective solvent, diblock copolymers undergo phase separation as well. 
They form micelles where the core consists of the insoluble block and the shell 
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Fig. 25. Surface structures formed on mica upon adsorption of P(S-fo-4VP) 330-130 from 
chloroform [279], The 2.5x2.5 pm^ height images were obtained by contact mode SFM. De- 
pending on the solution concentration, the morphology developed from small islands on 
the left to lamellar morphology on the right. The solution concentrations are indicated 
above the micrographs. The drawing below illustrates the transition from the A dot-like to 
B stripe-like morphology caused by variation of the block-length ratio. Courtesy of P. 
Eibeck and M. Moller 




Fig. 26. 50:50 block copolymer of styrene and methacrylate cast from 0.1 wt % solution in 
toluene onto a chemically heterogeneous surface with Au/Si02 stripes with 60 nm. Periodic- 
ity and the degree of order of the striped pattern revealed strong dependence on the molec- 
ular weight: a 1 13,000 g/mol and b 177,000 g/mol. Courtesy of T.P. Russell 



is formed of the soluble block [285-289]. Adsorption of the micelles onto a solid 
substrate, assisted by rapid solvent evaporation, prevents the micellar structure 
from decomposition and can lead to a laterally ordered film. Spherically shaped 
micelles of P(S-h-2VP) formed a hexagonally ordered structure (Fig. 27a) upon 
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adsorption onto a surface of mica [289, 290]. Although the micellar film is far 
from the melt equilibrium state, it could remain stable for infinitely long time. 
When the soluble block becomes considerably shorter compared to the soluble 
one, cylindrical micelles emerge due to coagulation of the spherical micelles 
[291]. Similar to blockcopolymer associates in aqueous solution [33, 286], giant 
micellar threads were clearly documented by SFM in combination with trans- 
mission electron microscopy (TEM). A transition from spherical to cylindrical 
micelles was also observed upon variation of the solvent quality changing the ra- 
tio between the physical dimensions of the blocks [288]. Also ABA-type triblock 
copolymers form micelles in a solvent selective for block A. Micellar structure of 
thin films of polystyrene-oligothiophene-polystyrene copolymer were identi- 
fied by tapping mode SFM using the phase imaging mode [292]. 

The diblock copolymer micelles can be used to prepare inorganic nanoparti- 
cles ranging from 1 to 10 nm in diameter [12, 30]. In the so-called microreactor 
approach, the core block, which is shielded by the shell interacts preferentially 
with the inorganic molecules in solution causing their precipitation inside the 
micelles. If the inorganic component was a metal salt, the latter could be reduced 
to a free metal state by either chemical or temperature treatment. The size of 
thus obtained metal cluster was controlled by the micelle size depending on the 
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Fig. 27. a - In solution formed micelles of P(S-fc-2VP) 1700-450 adsorbed from 0.1 g/1 toluene 
solution. The micelles are loaded with tetrachloro-auric acid at a ratio HAuClj /2VP=0.5. b - 
The regular pattern of naked gold particles were obtained by oxygen plasma treatment of the 
micellar film in (a). The plasma treatment results in reduction of the gold salt and depolym- 
erisation of the polymer shell. The height images were obtained by contact mode SFM. Cross 
sectional profiles were drawn along the lines in the micrographs and show the height variation 
of the micellar and gold films. Courtesy of S. Mofimer, J.P. Spatz, and M. Moller 
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aggregation number and the degree of polymerisation. Recently, another use of 
the diblock copolymer micelles has been realised to prepare metal dots by plas- 
ma etching of the polymer clad [293, 294] . Figure 26b shows an SFM micrograph 
of a hexagonally ordered array of 5 nm sized gold clusters on a silicon wafer. 
Both the cluster size and the interparticle distance was controlled by the micellar 
morphology. 

The concept of using block copolymers for preparation of nanoscopically 
structured material and surfaces was advanced further by introducing a third 
block in the chain structure [29]. One of the consequences of the multiphilicity 
and versatility of the ABC triblock copolymers is their tremendous richness and 
diversity in morphology. One of the most peculiar structures is shown in Fig. 28 
where the helices of a polybutadiene microphase are wound around columns of 
polystyrene which are embedded in a matrix of polymethylmethacrylate. Com- 
plementary to the TEM studies of the bulk morphology (Fig. 28a,b), SFM has 
been used to image the surface structure of the triblock copolymer films. Figure 
28c shows the wrapped PS cylinders oriented parallel to the surface, where one 




Fig. 28. a, b TEM micrographs of a triblock copolymer p(styrene-butadiene-methacrylate) 
where PS cylinders are wrapped by the PB block and embedded in the PMMA matrix (cour- 
tesy of R. Stabler). Height (c) and phase (d) micrographs (tapping mode SFM) of the surface 
morphology of a thick triblock- copolymer film. The phase image shows a 4-point pattern 
corresponding to the cylinders which are oriented perpendicular to the film surface. Cour- 
tesy of A. Mourran and L. Leibler 
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can clearly see the helical coat of the PB block similar to the TEM micrographs. 
Eventually, also perpendicular orientation of the columns was observed result- 
ing in a surface morphology shown in Eig. 28d, where the circular cross section 
of the PS phase is surrounded by a quatroplex of PB domains. Samples with a 
smaller PB block led to another morphology where PB spheres are located at the 
lamellar PS/PMMA interface [295]. Apart from the discussed examples, the sur- 
face arrangement of the blocks in a triblock-copolymer film is less apparent 
compared to their diblock analogues. Usually, SEM cannot distinguish between 
the domains and make clear assignment of the domains to a certain block. Ad- 
ditional means, such as swelling in a selective solvent, can be used to facilitate 
the interpretation of the surface structure [296]. 

Also the ultrathin film morphology of triblock copolymers appeared to be 
very peculiar. Eigure 29 shows a microphase separated structure of P(St-h-2VP- 
h-MMA) adsorbed from a nonselective solvent on mica. All three blocks were re- 
solved by lateral force measurements. Compared to the diblock copolymer mor- 
phologies in Eigs. 24 and 25, this represents an exceptional example where three 
chemically different components could be arranged in a regular pattern with a 
long range coherence. 
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Fig. 29. Ultrathin film morphology of triblock copolymer P(S8oo'^'2VP43o-i>-MMA73Q) ad- 
sorbed from a dilute solution in chloroform onto mica as observed by contact mode SFM. 
The drawing on the right hand side shows the location of the blocks on the substrate. Cour- 
tesy of P. Eibeck and M. Moller 
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3.2 

Surface Wetting on the Nanoscale 

Wetting and spreading phenomena control many life and technological process- 
es such as breathing, lubrication, soldering, painting, gluing and many others. 
Thermodynamics and kinetics of wetting are rather well understood macro- 
scopically for simple liquids [297-299]. The static contact angle and the equilib- 
rium film thickness were explained by the interplay between the interfacial ten- 
sions and the surface pressure caused by long range forces, whereas hydrody- 
namic theories were employed to describe the spreading kinetics. Figure 30 de- 
picts typical wetting morphologies observed experimentally and predicted the- 
oretically in thin liquid films. 

Due to the chain architecture and the large size of the macromolecules, the 
wetting behaviour of polymer liquids can be different from that of simple liq- 
uids. The effect becomes particularly strong when the dimension of the liquid 
phase, e.g. film thickness and droplet diameter, approaches the dimension of the 
polymer coil. In addition to the spreading coefficient and the surface pressure 
effects, entropic elasticity of the polymer chain provides a strong contribution 
to the free energy for a constant volume VQ=Ad: 

AF=Fdry-F„et=[S+P(d)-E(d)]A, 

where S^Yg-yi-ysi is the spreading coefficient, P(d)=-H/127td^ - surface pressure 
of the long range van der Waals interaction (H - Hamaker constant, d - film 
thickness), and E(d)=3/2kTn[Nl^/d^-l] is the decrease in the configurational en- 
tropy due to compression of a Gaussian coil toward the surface, where n=d/Nv - 
number of polymer molecules per unit area [300]. 

The entropic arguments have been used to explain many unusual phenome- 
na, such as dewetting of polymer brushes by the melt of the same polymer [301] 
and enrichment of the surface with lower molecular weight component [302], 
which are not observed for simple liquids. Also wetting dynamics is strongly af- 
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Fig. 30. Different types of the momentary morphologies which are typically observed dur- 
ing wetting (a-c) and dewetting (d-f ) events on a solid flat substrate, a droplet, b spherical 
cap with a precursor film, c thin film (eventually with a multilayer structure), d thin liquid 
film, e ruptured film with rims at the dewetting front, f droplets 
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fected by the chain structure. Anomalous glass transition and stepwise viscosi- 
ty-versus-thickness dependence were observed in the vicinity to the interface 
[303, 304]. Depending on the molecular weight, the mechanism of spreading 
represents a combination of chain slippage and shear flow [305-308]. 

The outlined problems correspond to the most typical system where three 
phases, e.g. liquid, gas and solid, are brought in contact. Additional wetting ge- 
ometries can occur when the liquid phase consists of two subphases, e.g. mix- 
ture of incompatible polymer liquids, and/or the substrate surface exhibits var- 
iations in chemical composition. In these cases, the interfacial interactions will 
strongly interfere with the phase separation inside the film. Laterally ordered 
polymer Aims might be formed due to the preferential wetting of the patterned 
substrate by one of the liquid phases. 

Therefore, the interfacial behaviour of liquids contains a great set of unsolved 
problems, which are particularly intriguing for complex polymer fluids. It is an 
experimental challenge to measure nanoscopic properties such as line tension 
and the microscopic contact angle as well as to follow propagation of the precur- 
sor Aim and ordering of the microheterogeneous systems. The progress in this 
held rely on SFM techniques which showed strong advances in probing the sur- 
face structure of liquids. In this section we will discuss a few examples where 
SFM provides a unique information on the wetting properties. 



3.2.1 

Apparent Contact Angle and the Shape of the Contact Line on the Nanoscale 

The contact angle is used to characterise the wetting properties of the surface 
with respect to a certain liquid [6]. Theoretically, the equilibrium contact angle 
can be calculated from the Young’s equation. In practice, one measures an appar- 
ent contact angle which depends on local variations in the chemical composition 
and the surface roughness. The surface heterogeneity results in the contact angle 
hysteresis and variations of its value over the surface. On the nanometer scale, 
the droplet profile and fhe wetting ability are affected by the long-range surface 
forces [309, 3 10]. Also the effect of the line tension should be taken into account 
when the droplet curvature approaches the nanometer scale [31 1, 312]. 

In-situ imaging of microscopic droplets became possible with the introduc- 
tion of scanning probe techniques such as SNOM, SFM and scanning polarisa- 
tion force microscopy (SPFM). SFM is preferred due to its high spatial resolu- 
tion, enabling characterisation of the liquid profile af fhe point where the liquid 
meets the surface. It is essential to scan droplets with a minimum possible force 
F to minimise perturbations of the liquid surface. The perturbations caused by 
the tip depend on the ratio between the Laplace pressure PL=2y/r and the pres- 
sure exerted by the tip Pt=F/A, where r - droplet radius and A - contact area. 
Small droplets and lower forces promote non-destructive imaging. The Arst mi- 
croscopic images of liquids were obtained by SPFM, where the tip was kept far 
away (>10 nm) from the surface [99, 169, 313]. Long range electrostatic forces 
were employed to perform non-contact imaging of thin layers of water on mica 
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as well as tiny droplets of KOH water on graphite. The contact angle appeared to 
be somewhat lower than the macroscopic contact angle, and furthermore, it de- 
creased with the droplet size. This behaviour was explained by the surface pres- 
sure and line tension effects [313]. 

The non-contact conditions result in degradation of the spatial resolution 
(Sect. 2.3.3). Although the vertical resolution remained excellent (0.1 nm), the 
lateral resolution of SPFM was of the order of the tip-sample distance, i.e. 20- 
40 nm. Recently, also SFM have been used for imaging microscopic droplets 
[314-316]. For example, droplets of low- viscosity liquids such as aqueous solu- 
tions of CaCl 2 equilibrated with an ambient humidity of ca. 50% [316] were im- 
aged by tapping mode SFM. The changes in the cantilever response during the 
droplet imaging were ascribed to the attractive van der Waals forces and capil- 
lary bridging between the tip and sample. The nanometer resolution enabled 
visualisation of tiny undulations of the contact line on a heterogeneous sub- 
strate. From the modified Young equation the line tension on hydrophobic areas 
was calculated to be about 5x10”^° N, and appeared to be in general agreement 
with the theory [317,318]. 

Also complex liquids such as glycerine [314] and carbosilane dendrimers 
[315] could be imaged with tapping mode SFM. For the dendrimers, the topo- 
graphic and phase contrast have been ascribed to a relaxation transition of the 
liquids into a viscoelastic state at a tapping frequency of ca. 300 kHz. Figure 31 
shows three dimensional images of the dendrimer droplets captured on differ- 
ent stages of their spreading on mica. A spherical cap in Fig. 31a transforms 
slowly into a pancake structure with a reservoir in the central part (Fig. 31b). 
The droplets spread via development of a thin precursor film which extends 
ahead the macroscopic part as shown in Fig. 30b. The film thickness was meas- 
ure to be about 1.6 nm which corresponds to the size of a dendrimer molecule. 




Fig. 31. Three-dimensional images of droplets of the carbosilane dendrimer with hydroxyl 
end groups obtained during spreading at ambient conditions on a mica substrate [320]. The 
images corresponds to different duration of spreading (a - 10 min and b - 24 h), where a 
precursor film of 2 nm in thickness develops at the contact line in (b). The thickness corre- 
sponds to the diameter of a dendrimer molecule 
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The dendrimer droplets were used as a tool to examine surface heterogeneity 
on the nanoscale [319]. Figure 32 shows two pairs of SFM images of the droplets 
deposited on mica (a,b) and a copolymer film (c,d), respectively. On mica, the 
hydroxyl terminated dendrimer showed the autophobic or pseudo-partial wet- 
ting behaviour as the droplets sit on a thin film of the same material [312, 320]. 







<1 






Fig. 32. Amplitude (a,c) and phase (b,d) SFM micrographs demonstrate autophobic wetting of 
mica (a,b) and semifluorinated copolymer (c,d) by carbosilane dendrimer with hydroxyl end 
groups. Fluid droplets with a contact angle of about 8.7 degrees in (a) and 18.5 degrees in (c) were 
determined after 24 h equilibration at room temperature from cross sectional profiles recorded 
along the reference lines indicated on the (a) and (b) respectively. Reproduced from [319] 
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The contact angle could be determined directly at the contact line or calculated 
from the spherical shape of the droplet to be 8.4 ° and 8.9 respectively. On the 
heterogeneous copolymer surface, the droplets were not perfectly spherical and 
the contact line exhibited deviations from the circular contour. The dendrimer 
droplets (y=29.3 mN/m) displayed a greater contact angle of ca. 18.5 ° on the co- 
polymer film (y=23 mN/m) compared to the droplets on mica. Deformation of 
the droplets by the tapping tip and thus caused underestimation of the contact 
angle have been discussed in [319]. 

3.2.2 

Dewetting of Thin Polymer Fiims 

Modern coating technologies require increasingly thinner polymer films. This 
requirement is opposed by the surface pressure and the chain elasticity. Below a 
certain equilibrium thickness, the film is either metastable or even unstable and 
tends to break into droplets regardless of the chemical structure of the substrate 
[321, 322]. Anomalous wetting behaviour was observed for amphiphilic poly- 
mer films whose stability is controlled by the orientation of the surface active 
moieties [323, 324]. All these phenomena belong to the dewetting problem. 

Scanning force microscopy became widely used for monitoring of the dewet- 
ting process [323-329]. Complementary to optical microscopy, SFM provides 
nanoscopic information about the topographic profile of the dewetting liquid as 
well as the microstructure of the dewetted surface. Due to the high resolution, 
SFM is able to capture evolution of the dewetting morphology at much earlier 
stages than optical microscopy. Nucleation of nanometer sized holes and drop- 
lets can be readily visualised by SFM. Figure 33 shows a series of images obtain 
at different stages of the dewetting of a smectic polymer film [323]. The dewet- 
ting process starts from the film rupture and formation of small holes (a). The 
holes grow until a certain critical size (b) followed by formation of towers (c). Fi- 
nally, the towers, which might grow via a layer penetration mechanism [330], 
collapse into droplets (d). 

Besides the autophobic behaviour promoted by the smectic structure of the 
semifluorinated polymer films, the chain elasticity alone may cause the film 
rupture as well [324]. Figure 34 shows two SFM micrographs obtained on a mi- 
crophase separated film and a homogeneous polymer film of polymethacrylates 
differing in the length of the hexafluoropentane side chains (HFPO5 and HFPO3, 
respectively). Although both polymers were in a fluid state, ca. 50 K above the 
glass transition temperature, their wetting behaviour was qualitatively differ- 
ent. While the phase separated HFPO5 polymer showed autophobic droplets sit- 
ting on an oriented monolayer of itself, the homogeneous HFPO3 polymer re- 
sulted in a uniformly thick film whose thickness is controlled by the chain di- 
mensions. 

The spreading coefficient, and therefore, wetting properties of the substrate 
can be varied by chemical modification of the substrate surface or the liquid it- 
self From SFM observations, the wetting behaviour of PS on SiO^ substrates was 
changed by partial sulfonation [331]. Unlike the unmodified PS, which readily 
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Fig .33. Self-dewetting of a polymer smectic film into droplets was monitored by tapping 
mode SFM. The micrographs were measured at room temperature after annealing of a 10 nm 
thick film at 1 15°C during different time intervals: a - 0 min, b - 15 min, c - 2 h, d - 4 h. The 
annealing temperature was 20 °C above the bulk isotropisation temperature. The polymer 
consists of a polymethylmethacrylate backbone with perfluorooctyl side chains [323] 



dewets the substrate, a strong inhibition of dewetting occurs already for low sul- 
fonation of ca. 2.3 mol %. 



3.2.3 

Autophobicity of Polymer Networks and Brushes 

The wetting properties of immobilised polymer layers such as networks and 
brushes play an important role in their technological applications. Their wetta- 
bility is accompanied by penetration of the polymer melt into the underlying 
layer [301, 332-337]. If the melt chains were relatively short they invaded the 
grafted layer and complete wetting occurred. On the other hand, interpenetra- 
tion of the long polymer chains was inhibited by the stretching of the brush 
chains. The loss in the configurational entropy leads to a negative spreading co- 
efficient S=—3/8kT/Xa for a penetration depth ?is(12/ji^)^^^(Na/a)^^^, where 
- grafting density, and a - monomer (Kuhn) length. Therefore, the entropic 
penalty limits the penetration and results in partial dewetting though the pol- 
ymer melt and the layer are of the same chemical nature [333]. This phenome- 
non is similar to “wetting autophobicity” observed by Zisman for small mole- 
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Fig. 34. SFM amplitude images of the oligo(hexafluoropropene) substituted PMA films on 
mica after annealing at room temperature for 50 h [324]. Depending on the number of 
HFPO units, polymers exhibit either a autophobic wetting behaviour for HFPO 5 or b stable 
coverage with a 10 nm thick film for HFPO 3 



cules, where the droplet formation was discussed in terms of dispersion energy 
[320]. 

Figure 35 shows droplet of PS (91 K) melt which was formed on a PS (91 K) 
brush layer. For this system, small contact angles are expected as estimated from 
0s2(|S|/y)^^^. From SFM, the contact angle as low as 3 ° appeared to be lower that 
the calculated value of 15°. In addition to the entropy considerations, the effect 
of grafting or cross-linking induced roughness on the spreading coefficient was 
taken into account for polymer networks [336, 337]. 



3.2.4 

Propagation of the Substrate Roughness 

One common problem in preparing uniform and smooth films is the propaga- 
tion of the substrate roughness to the film surface. For simple liquids, the sub- 
strate roughness became undetectable for films thicker than ca. 10 nm due to the 
smoothing tendency driven by surface tension [338, 339]. Recently, the propaga- 
tion of roughness from a laterally structured Si substrate by polymer films was 
investigated by SFM [340]. The variation of the surface roughness was measured 
as a function of the film thickness and the interfacial energy. Figure 36 shows 
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Fig. 35. Equilibrium profile of a polystyrene (M,^,=91 K) droplet on a polystyrene brush 
(M^=91 K) surface of a PMMA/PS film as obtained by tapping mode SFM [301]. The dewet- 
ting occurred after annealing of the PS film at 150 °C during 20 h. Courtesy of A. Mourran 
and L. Leihler 




Fig. 36. SFM images obtained from a the hare trapezoidal grating of Si with h=17 nm and b 
the same Si grating covered with a PMMA (M,,,=330 K) film, 75 nm thick, which was an- 
nealed for 72 h. Reproduced from [340] 



two SFM images obtained from a bare Si grating and the same grating covered 
by a PMMA (330 K) 75 nm thick film. From the topographic images one can see 
that the surface roughness decreased from 17 nm to 11.5 nm after annealing at 
170 °C for 72 h. Unlike simple liquids, the roughness became completely attenu- 
ated only after the film thickness increased four times the height of the grating. 
The damping tendency was shown to be promoted by lower interaction of the 
film with the substrate. 



3.2.5 

Phase Separation in Thin Poiymer-Biend Fiims 

Compared to bulk polymer mixtures, the interfacial behaviour of polymer 
blends is essentially different [341 ]. The demixing process in thin films is strong- 
ly affected by the thin film confinement and the interfacial interactions of the 
blend components with the confining phases (e.g., substrate and air). Even in the 
one-phase region of the phase diagram, preferential segregation of the compo- 
nents at one of the interfaces leads to a certain composition profile as a function 
of the distance from the free surfaces and the substrate plane [342, 343]. In the 
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unstable two-phase region, the composition profile in the z-direction can be rep- 
resented by superposition of two spinodal waves, originating from the free sur- 
face and the substrate respectively [344-347]. Depending on the ratio between 
the spinodal wavelength in the bulk and the given film thickness, different phase 
separation morphologies can be momentary observed as the system drives to its 
equilibrium structure [348-356]. Figure 37 shows some of the film morpholo- 
gies of polymer blends which can be predicted from the interfacial energies re- 
lation [357]. 

The following problems have been studied experimentally using different 
SFM techniques: (i) the surface topography and its dependence on the prepara- 
tion conditions, (ii) the chemical composition of the surface, and (iii) the role of 
the substrate structure in polymer demixing. Here, one has to distinguish be- 
tween asymmetric blends, where one of the components concentrates at the sur- 
face and the other at the substrate interface, and symmetric blends where one of 
the components segregate at both interfaces. 

The bilayer morphology of thin asymmetric films of may be unstable. A reg- 
ularly corrugated surface structure of the films was ascribed to spinodal transi- 
tion into a laterally phase separated structure, where the surface morphology 
depended on the polymer incompatibility and the interfacial interactions [347, 
348]. Recently, the phase separation and dewetting of thin films of a weakly in- 
compatible blend of deuterated PS and poly(p-methylstyrene) have been moni- 
tored by SFM [349, 350]. Starting from a bilayer structure, after 454 h at T= 
154 °C the film came to the final dewetting state where mesoscopic drops of 

I 




|[[ I B i I B 

A 




Fig .37. Theoretical predictions for thin film morphology of a phase-separating polymer 
mixture. Case I: Ya^Yb Yab^^Yb”Ya> where and Yg are the surface tensions of compo- 
nents A and B, respectively, and Yab the interfacial tension. Case II: Ya^Yb Yab<‘^Yb“Ya- 
Case III: Ya^Yb Yab>>Yb“Ya- Drawn after [357] 
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PpMS sit on a homogeneous layer of dPS. However, if the surface interactions are 
sufficiently strong to overwhelm thermal fluctuations, the layered domains 
structure can be stable for a long time [351, 352]. On a SiO^ surface, the surface 
morphology of a PS/PMMA blend was ascribed to the layered demixing where 
the lower-surface-energy PS phase segregates preferentially at the polymer/air 
interface (Fig. 38a-c). The morphology exhibited strong dependence on the sub- 
strate type. A complete phase inversion occurred the alkane monolayer was used 
as a substrate. Even though PS has a lower surface energy than PMMA, it almost 
completely excluded from the air surface (Fig. 38d-f). 

Symmetrically segregating polymer blends have also been studied recently 
[353-356]. In contrast to the bilayer structure due to the asymmetric surface seg- 
regation, the thin film confinement of the symmetrically segregating phases can 
suppress the development of surface directed spinodal decomposition [345, 353] . 
SFM was used to examine the surface morphology of dPS/PVME films where the 
PVME reach phase tends to segregate at both interfaces with regards [355]. Top- 
ographic images displayed a corrugated morphology which was ascribed to dPS 
domains encapsulated by a thin layer of PVME. The domains were identified due 




Fig. 38. Substrate dependence of the PS/PMMA domain structure spin-cast from THF: a-c 
on SiO^; d-f on octadecyl mercaptane (ODM) [352]. The SFM images have lateral dimen- 
sions of 14x14 pm^. a,d as spin cast; b after immersion in cyclohexane to remove PS.e after 
immersion in acetic acid to remove the PMMA-rich phase. The cross-sections (c,f ), which 
were recorded along the lines in (a,b,c,d), reveal the vertical distribution of the PS {dark 
grey) and PMMA {light grey) phases. The error bar in (c) indicates the accuracy of the su- 
perposition procedure. PMMA preferentially adsorbs on the more polar SiO^ surface to 
form a homogeneous layer next to the substrate. On the ODM a PS/PMMA bilayer is ob- 
served. Courtesy of U. Steiner 
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to the strong mechanical contrast between relatively hard dPS- and soft PVME 
domains. Reverse temperature transition of the phase-separated blend films into 
the one-phase region resulted in dissolution of the undulating surface structure 
[356]. This confirms the phase separation origin of the film pattern. 

The surface composition of polymer blends has been intensively investigated 
during the last decade [342, 349, 358-360]. In most cases, the lower surface en- 
ergy component concentrates at the free surface to minimise overall free energy. 
Anomalous behaviour was observed for a blend of high-M^„ polystyrene and 
low-M^y polymethyl methacrylate [300]. PMMA preferentially segregated at the 
air-polymer interface though it had a higher surface energy. This phenomenon 
was explained by the effect of the chain end groups and the entropic penalty of 
the surface adsorbed chains. A combination of SFM techniques was used to 
study the surface topography and probe the viscoelastic properties [349]. 



3.2.6 

Wetting of Chemically Heterogeneous Substrates 

Recently, chemically patterned surfaces have attracted a lot of attention due to 
their potential use as templates for lateral ordering of polymer films. On a mi- 
crometer scale, liquid dewets such surfaces and segregates on surface areas 
which exhibit preferential interaction with the liquid [ 360, 36 1 ] . A few successful 
attempts have been made to transfer a lateral variation in surface energy into a 
composition pattern in the polymer film [16, 362, 363]. Figure 39a shows a later- 
ally patterned structure which consist of periodic stripes of alternating PVP and 
PS domains. One of the domains, e.g. PVP, could be removed by dissolution in a 




Fig . 39. SFM images of a PS/PVP blend (50/50 wt %) spun cast on a patterned Au substrate 
[16]. The lateral phase pattern was created by microcontact printing using a polydimethyl- 
siloxane stamp soaked in a octadecyl mercaptane (ODM) solution. The resulting Au/ODM 
pattern (2.4-mm periodicity) features stripes of alternating surface energy with only little 
topographic variation. The topographic images show 80x80 fim^ area of (a) as cast and (b) 
after removal of PVP by dissolution in ethanol. The PS and PVP phases are laterally sepa- 
rated where PVP lies on the bare AU surface regions displacing the PS onto the ODM stripes. 
Courtesy of U. Steiner 
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selective solvent to yield a PS grating with 2.4 mm periodicity and 65 nm height 
(Fig. 39b). Here, one made use of two thermodynamic effects; phase separation 
and selective wetting. The dewetting behaviour becomes less obvious when the 
chemical pattern is commensurable with the molecular size [364]. 



3.3 

Measuring Interfacial Interactions 

Macroscopic properties of heterogeneous systems such as colloidal suspen- 
sions, biological cells, thin coatings and blends depend on surface forces that 
act between the phase boundaries. In addition to adhesive forces in contact, 
many practical applications, where particles are kept at a certain distance from 
each other, require detailed information about distance variation of the surface 
forces. Depending on the surface separation, different forces can be dominant. 
Van der Waals forces, which determine adhesion, wetting and friction proper- 
ties of the interface, decay with separation over ca. 10 nm. The decay results in 
a certain surface pressure which determines stability of thin films and drive 
spreading of liquids [297-299, 309, 310]. Long range forces such as electrostatic 
double layer forces, hydrophobic forces and solvation forces might be active at 
100-nm distances and control aggregation of colloids in a liquid medium. Spe- 
cial polymer forces - entropic in origin - arise whenever two surfaces bearing a 
polymer layer are brought into contact [77, 301, 365-367]. Such forces can either 
promote adhesion between dissimilar solids or prevent aggregation of colloidal 
particles. 

The distance dependence of the normal and shear forces acting between sur- 
faces can be studied using the surface force apparatus and the scanning force mi- 
croscope. SFA measurements of interactions between adsorbed polymer layers 
and protein molecules have been surveyed in numerous review articles [368- 
372]. Different types of polymer surfaces such as block copolymers, tether pol- 
ymer chains, amphiphilic polymers and polyelectrolytes have been studied re- 
garding interfacial interactions. Kilbey et al. showed how confinement between 
two surfaces caused ordering of PS-h-PI into a lamellar phase in a presence of a 
non-selective solvent [373]. Depletion forces were observed in nonadsorbing 
polymer solutions above a certain overlap concentration and molecular weight 
[374, 375]. Transitions between the attractive and repulsive regimes were ob- 
served in different polyelectrolyte systems as function of the ionic strength and 
the charge density [376, 377]. 

Complementary to the SFA experiments, SFM techniques enabled direct, 
non-destructive and non-contact measurement of forces which can be as small 
as 1 pN. Compared to other probes such as optical tweezers, surface force bal- 
ance and osmotic stress [378-380], the scanning force microscope has an advan- 
tage due to its ability in local force measurements on heterogeneous and rough 
surfaces with excellent spatial resolution [381]. Thus, a force-distance depend- 
ence measured from a small surface area provides a microscopic basis for under- 
standing the macroscopic interfacial properties. Furthermore, lateral mapping 
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of long range forces gives an additional means for visualisation of the surface 
morphology [93,99]. 

Quantitative evaluation of a force-distance curve in the non-contact range rep- 
resents a serious experimental problem, since most of the SFM systems give de- 
flection of the cantilever versus the displacement of the sample, while the exper- 
imentalists wants to obtain the surface stress (force per unit contact area) versus 
tip-sample separation. A few prerequisites have to be met in order to convert de- 
flection into stress and displacement into tip-sample separation. First, the point 
of primary tip-sample contact has to be determined to derive the separation from 
the measured deflection of the cantilever tip and the displacement of the canti- 
lever base [382]. Second, the deflection can be converted into the force under as- 
sumption that the cantilever is a harmonic oscillator with a certain spring con- 
stant. Several methods have been developed for calibration of the spring constant 
[383, 384]. Third, the shape of the probe apex as well as its chemical structure has 
to be characterised. Spherical colloidal particles of known radius (ca. 10 pm) and 
composition can be used as force probes because they provide more reliable and 
reproducible data compared to poorly defined SFM tips [385]. 

Based on these conditions, SFM can be used to measure the work of adhesion, 
the surface energy, and the non-contact forces between surfaces. Based on the 
JKR theory, both the work of adhesion and the surface energy could be estimat- 
ed rather precisely from the pull-off force [386] and the surface deformation 
[387]. For non-polymer samples, direct correlation between adhesive forces and 
frictional forces were established for surfaces with different chemical composi- 
tions [388-391]. Adhesion of viscoelastic polymers exhibits dependence on the 
withdrawing rate while the hysteresis between the load and unload curves indi- 
cates that more force is required to separate the viscoelastic phases than to bring 
them into contact [5, 117]. SFM equipped with a colloidal probe has been used 
to investigate adhesion between glass surface bearing PEO layers [392]. A pro- 
nounced long range attraction has been observed on separation of the surfaces 
up to 100 nm (Fig. 40). Depending on the molecular weight and the degree of 
coverage the work of adhesion varied up to 60 pj/m^. 

A variety of long range forces emerges when either two polymer surfaces are 
separated in a non-polymer liquid, or non-polymer surfaces are separated in a 
non-adsorbing polymer liquid. In the first case, the interaction depends on the 
dielectric properties of the liquid and the solubility properties of the polymer. In 
a poor solvent, van der Waals forces can be measured at short distances as a 
function of intervening media. The force between a gold sphere attached to the 
tip and a PTFE surface, could be switched over from attractive to repulsive by 
changing the polarity of the liquid from polar to less polar, respectively [393, 
394]. In good solvents, the steric repulsion as well as bridging forces between 
brush-like polymer layers have been studied by SEM [135, 395-399]. Both in- 
phase and out-of-phase force responses of grafted polystyrene chains were 
measured in solvents of different quality, such as toluene (good) and water 
(poor) [ 135] . In toluene, the chains formed a stretched brush whose elastic mod- 
ulus was an order of magnitude larger than of the collapsed layer in water. Seal- 
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Fig. 40. right: Schematic representation of the polymer layer probed by a spherical particle. 
Here the particle can be stuck to the surface directly (a) or, at greater separations, held by a 
bridging interaction (b). left: Interaction energy between a bare glass particle and a glass 
bearing an adsorbed layer of poly( ethylene oxide) (M,,,=205 K) versus surface separation. 
Note the evidence of bridging adhesion, but the absence of any attraction on approach of 
the surfaces. Inward (O) and outward (•) runs are plotted. Reproduced from [392] 



ing analysis and computer simulation have been used to model the interaction 
between a layer of end-grafted polymers and a SFM tip upon reducing the sol- 
vent quality [397, 398]. In addition, collapse of polymer brushes has been mon- 
itored by analysis of the cantilever noise [399]. 

Electric double layer forces between polyelectrolyte and non-polymer surfac- 
es in aqueous media have also been studied very intensively [371, 394, 400-402]. 
The adhesion between polyelectrolyte surfaces could be reduced considerably 
by increasing the ionic strength of the medium [400]. Using an electrochemical 
cell and a gold coated tip, the adhesion between electroactive layer of poly( vinyl- 
ferrocene) was controlled through the selective oxidation or reduction of the 
polymer films [401]. 

When a polymer solution is placed between non-adsorbing surfaces differ- 
ent forces occur depending on the chain length, the polymer concentration and 
the dielectric properties of the solvent. Depletion forces arise in dilute solutions 
where polymer coils become excluded from the interplane compartment and 
result in osmotic pressure favouring surface attraction [403]. A main techno- 
logical concern in this case is the ability of the depletion forces to cause aggre- 
gation of colloids [378]. In moderately concentrated polymer solutions, oscilla- 
tory structural forces can be observed as the tip-surface separation commensu- 
rate with the molecular dimensions [404]. The oscillations owing to molecular 
ordering show up clearly in the MAC mode amplitude curves in Fig. 41 [183]. 
Similar to simple liquids [ 1 80, 1 8 1 , 405, 406] , the geometric confinement caused 
a local ordering of polymer coils which gave rise to an oscillatory force varia- 
tions [77, 407]. The least understood and most puzzling phenomena of the re- 
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Fig. 41. Two independent measurements of force spectra of the MAC mode SFM at OMCTS- 
graphite interface. The amplitude of oscillation of the magnetic cantilever driven by an ex- 
ternal magnetic field oscillates in both approaching {solid line) and retracting {dotted line) 
curves in the region of a few nanometers away from the surface due to ordered layers of OM- 
CTS molecules at the interface. The period of oscillation 8.2 A reflects the dimension of 
OMCTS molecules along the direction perpendicular to the layers, a Driving frequency 
500 Hz, scan rate 2.8 nm/s. b 200 Hz and 1.6 nm/s. The arrows on the plots correspond to 
repulsive-force maxima. Reproduced from [183] 



cent years concern the attractive interaction between hydrophobic surfaces in a 
polar medium. Ducker et al. has used the scanning force microscope to deter- 
mine an excess of attractive forces over electrostatic double layer forces be- 
tween an air bubble and a silica particle [408]. The additional attraction was 
shown to be active at distances up to 50 nm and ascribed to the long range hy- 
drophobic forces. 



3.4 

Micromechanical Properties 

Micromechanical properties of polymers by SFM can be studied using two dif- 
ferent approaches. In the first one, the scanning force microscope is used to ex- 
amine structure of either ex-situ [84, 88, 409, 410] or in-situ deformed samples 
[411]. In these experiments, the tip was used as a “passive probe” to obtain sub- 
micrometer information about structure changes caused by uniaxial stretching 
of amorphous polystyrene [409], ultra-high-molecular- weight polyethylene [84, 
410], and hard elastic polypropylene [411]. In the second and more interesting 
approach, the SFM tip has been used as an “active probe”which both deform the 
sample and simultaneously measures the reaction force as well as the induced 
deformation [67, 70, 115, 122, 136, 159, 412, 413]. Thus SFM can investigate me- 
chanical properties at interfaces and provide microscopic basis for the under- 
standing of friction, lubrication, viscoelasticity, indentation and wear. 

In the active probe approach, SFM acquires both static and dynamic mechan- 
ical properties (Sect. 2.2.2). The former includes the shear and Young’s modulus 
(G,E) as well as the surface indentation and contact area {5,a). Dynamic meas- 
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urements are able to discriminate the elastic and damping properties (E', E", 
tgcp) and study the time dependence of the modulus and compliance. In addi- 
tion, one has to distinguish between mechanical experiments when the tip is 
pulled away from the surface or pushed towards to the surface (Eig. 12). In the 
first case, the tip can stretch a small portion of material forming a neck between 
the tip and the sample, while in the second case, the tip penetrates into the sam- 
ple and probes compressibility. 

When the experimentalist set an ambitious objective to evaluate microme- 
chanical properties quantitatively, he will predictably encounter a few funda- 
mental problems. At first, the continuum description which is usually used in 
contact mechanics might be not applicable for contact areas as small as 1-10 nm 
[116, 117]. Secondly, since most of the polymers demonstrate a combination of 
elastic and viscous behaviour, an appropriate model is required to derive the 
contact area and the stress field upon indentation a viscoelastic and adhesive 
sample [ 1 16, 120]. In this case, the duration of the contact and the scanning rate 
are not unimportant parameters. Moreover, bending of the cantilever results in 
a complicated motion of the tip including compression, shear and friction ef- 
fects [131, 132]. Third, plastic or inelastic deformation has to be taken into ac- 
count in data interpretation. Concerning experimental conditions, the most im- 
portant is to perform a set of calibrations procedures which includes the (x,y,z) 
calibration of the piezoelectric transducers, the determination of the spring con- 
stants of the cantilever, and the evaluation of the tip shape. The experimentalist 
has to eliminate surface contamination’s and be certain about the chemical com- 
position of the tip and the sample. 

Micromechanical experiments made so far can be roughly divided into two 
parts: (i) design of special techniques to measure and evaluate separately differ- 
ent contributions in the net force, such as adhesion, friction, deformation, and 
(ii) imaging of various heterogeneous surfaces such as blends, composites and 
microphase separated structures by conventional SEM’s to collect statistical in- 
formation and understand the origin of the mechanical contrast. Many of the 
micromechanical experiments were discussed elsewhere [58, 67, 68, 381, 412- 
414]. Here we will focus on recent advances in analytical applications of the “ac- 
tive probe” SEM. 

The force-distance curve in Eig. 12 contains a complete set of information 
about the static mechanical properties of the sample. When the deformation e 
and the force F-k^5are determined one can use a continuum model from con- 
tact mechanics to estimate Young’s modulus. Assuming small contribution of the 
surface forces, the Hertzian model has been chosen to evaluate modulus as a 
function of the indentation depth for different polymers such as PS, PVC, PU 
and PI rubber [415]. Although the model overestimated absolute values of mod- 
ulus, it showed good agreement with elastic bulk moduli which differed by 4 or- 
ders of magnitude for the set of polymers. The best correlation was found at 
large indentation depth in the range 20-200 nm (Pig. 42). Prom the hysteresis of 
the force-distance curve, the dissipated energy and the inelastic deformation 
can be measured and correlated with the activation energy of the segmental mo- 
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Fig. 42. Depth variation of the elastic modulus for rubber, two different polyurethanes, PVC 
and PS as a function of the indentation depth. Bars demonstrate the range of elastic bulk 
modulus variation for a specific material. Reproduced from [415] 



tion in the polymer chain [416]. At small deformations, however, the modulus 
exhibited strong variations with the indentation depth within one order of mag- 
nitude (Fig. 42). This result is unusual and has to be carefully interpreted as the 
continuum theories might be not valid in the limit of small contact areas. Other 
intractable effects are thermal drift and stress relaxation which can take part be- 
cause of the relatively long acquisition time (~1 Hz). Besides the force-distance 
experiments, contact mode SFM was used to study creep of PTFE [417], compli- 
ance of diblock copolymer films of PVP-PS depending on the solvent selectivity 
[135] and viscoelasticity of human platelets [418]. 

In addition to the compression loading, uniaxial extension of entangled 
PDMS chains have been investigated by pulling a small portion of the material 
and measuring elastic response before the rupture happens [419]. The multiple 
ruptures observed in the force-distance curves (Fig. 43) have been interpreted as 
fractures of an entangled network of PDMS chains formed between the tip and 
the silica grafted surface. At small deformations, also the capillary forces were 
shown to contribute in the force. The elastic part of the curves was described us- 
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Fig. 43. Example of multiple rupture obtained with polydimethysiloxane grafted onto silica 
[419] 



ing the tube model including the inextensibility of the chain at high deforma- 
tion. 

Lateral mapping of the elastic modulus is rather problematic as it requires 
significant data storage space. Modulation techniques offer the possibility to re- 
duce data storage space and make the measurement more rapid (Sect. 2.2.2). In- 
stead of recording the force-distance curves, force or displacement modulation 
SFM acquires the variation in the amplitude and the phase lag. Below the canti- 
lever resonance, the amplitude is independent on the cantilever mass and direct- 
ly related to the contact stiffness k^. However, because the contact stiffness is a 
product of the elastic modulus and the contact area which is usually is unknown 
parameter, FMM-SFM can only discriminate qualitatively between more stiff or 
more compliant regions on the surface [118, 124, 125, 420, 421]. This capability 
was demonstrated on a variety of filled and unfilled industrial blends [128]. In 
combination with cryogenic facing, force modulation SFM was used to investi- 
gate micro structure of blends containing isobutylene, polypropylene, polyiso- 
prene and carbon black (Fig. 44). Special attention deserves dynamic viscoelas- 
tic measurement of liquid PDMS films constrained between a flat silicon wafer 
andaglass sphere [127]. The frequency spectrum and even the microscopic vis- 
cosity of PDMS were evaluated using a mechanical model assuming the Newto- 
nian behaviour of the liquid. 

As discussed in Sect. 2.2.2, FMM images can lose the material contrast when 
the sample stiffness exceeds the stiffness of the cantilever. In addition, the net 
signal contains friction effects because of the cantilever bending and the sample 
indentation. Furthermore, in liquid samples, capillary forces dominate the re- 
sponse at low frequencies [ 127]. These drawbacks can be overcome by operating 
the microscope above the contact resonance frequencies. In the so-called con- 
tact-mode scanning local-acceleration microscope the cantilever oscillates at 
very low amplitudes of ca. 0. 1 nm which still provides strong enough contrast 
with respect to the mechanical properties [122]. Since the response of the canti- 
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Fig. 44. The SFM amplitude (a) and force modulation (b) maps of a cryogenic faced impact 
copolymer (ICP) composed of a polypropylene (PP) matrix with high ethylene (60 wt. %) 
ethylene-propylene copolymer (EP). Crystalline polyethylene (PE) phases are seen in the 
EP domains, which are surrounded by the PP matrix. Modulus contrast in the force modu- 
lation (drive amplitude 100 mV) image associated with the three polymers: the stiff PP ma- 
trix is dark, the soft EP domains are light. The crystalline PE regions have modulus between 
the PP and the EP, thus an intermediate shade of grey is observed for the PE domains [128] 



lever does not depend on the cantilever stiffness, it provides direct information 
on the contact stiffness and the interaction damping. 

Recently, the SLAM technique was modified to make local mechanical spec- 
troscopy as a function of temperature [138]. Figure 45 shows phase-lag and am- 
plitude spectra of polyvinylchloride (PVC) around its glass transition tempera- 
ture. The drop in the amplitude and the extremum in the phase lag indicate 
changes in the elastic and damping properties of PVC caused by the glass tran- 
sition. In addition to local spectroscopy, the contact-mode SLAM enabled lateral 
mapping of both topography and sample stiffness. Figure 46 shows SLAM imag- 
es of a PVC/PB polymer blend at room temperature and above the glass transi- 
tion of PVC. At the lower temperature, the stiffness of the PB inclusions and of 
the PVC matrix is approximately the same, while the inclusions protrude above 
the surface. At the elevated temperature, the matrix became more compliant and 
the inclusions became embedded into the matrix. The change in stiffness was 
explained by decrease of the elastic modulus of PVC above the glass transition 
temperature. The variations in topography were attributed to the difference in 
thermal expansion coefficients or preparation history of the sample. 

Tapping mode SFM shows the most versatile and strong material contrast due 
to variations in stiffness, viscosity and adhesion. While the theoretical basis of 
the tapping mode is still under development (Sect. 2.2.2), the results obtained so 
far can be used for qualitative discrimination between different phases in a het- 
erogeneous sample. One should keep in mind, that the strong dependence of the 
contrast on the experimental parameters ( co,A,r^p) may lead to quantitative mis- 
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Fig. 45. a Local mechanical spectroscopy spectra as a function of temperature of the techni- 
cal polyvinylchloride (PVC): the vibration amplitude is displayed as a thin line and the 
phase lag as a thick line. Four domains (1-4) differing in the signal changes are distin- 
guished on the spectra, b DSC measurements of the same sample, where the graph displays 
the first {dashed line) and the second {solid line) heating. The glass transition can be recog- 
nised around 340 K (labeled A). A reversible endothermic peak around 380 K might corre- 
spond to the crystalline phase. Reproduced from [138] 



interpretation of the amplitude and phase signals and even cause inversion of 
the contrast [109-112]. In particular for viscoelastic materials, viscosity and 
elasticity are two independent properties which act simultaneously upon tap- 
ping and can lead to various crossover phenomena [102, 107]. Figure 47 shows 
the height and phase images recorded for a microlayered PE sample at different 
r^p. On going from light (rjp^O.S) via moderate (rgp=0.5) to hard (rsp=0.2) tap- 
ping, the topography images do not show much difference but the phases do. 
The phase contrast can reverse at hard tapping indicating that the overall force 
might change its character from repulsive to attractive (Fig. 47c). 

Complementary to the indentation experiments, the lateral force microscope 
has been introduced to measure lateral forces exerted on the tip [388]. Some- 
what latter, different modifications of contact-mode SFM have been developed 
to investigate indentation and wear in thin films [ 1 1 5] . On the lateral force meas- 
urement, one has to distinguish between operation at very small lateral displace- 
ments of the cantilever when the shear forces dominate in the net force, and a 
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Fig. 46. Normal force (topography) images (a,b) and SLAM amplitude (stiffness) images (c,d) 
of a PVC/PB polymer blend at room temperature (a,b) and at 373 K (c,d). At high temperature, 
the matrix became more compliant {darker in the SLAM image). Reproduced from [138] 



conventional regime when the tip slides over the studies and probe the friction 
properties. The friction force can be different in origin and usually results from 
a combination of different effects such as adhesion, viscoelastic deformation 
and surface roughness. 

This discipline has become known as nanotribology and studies friction, ad- 
hesion, lubrication and wear on a scale of few nanometers down to the atomic 
scale [115-1 19, 412, 422, 423]. Most of the studies have been done on bare sub- 
strates, such as Si wafer, graphite, mica, or model surfaces, such as SAM’s and LB 
films, where the microscale friction is generally found to be lower than the fric- 
tion on macroscales due to smaller contribution of ploughing in the microscale 
measurements [424]. Depending on the load, the microscale friction approaches 
macroscopic values at high contact stresses, while wear is negligible at low forces 
if they are below the yielding and fracture points. In hard samples such as ce- 
ramics and Si wafers, the material was shown to be removed by the ploughing 
mode in a brittle manner without much plastic deformation [425]. 

In comparison to metals and ceramics, much less attention has been directed 
to friction properties of polymers. The main reason for this is that the use of pol- 
ymers in machinery is not so common. However, recent progress in polymer 
technology has enabled partial substitution of metals by polymeric materials in 
addition to the wide utilisation of polymer based lubricants. When a solid mate- 
rial is allowed to slide over a polymer surface, complicated factors other than 
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Fig. 47. Height (top) and phase {bottom) images of a microlayered PE sample recorded on 
the surface perpendicular to the layer plane using Ag= 100 nm: a light tapping (r5p=0.8-0.9); 
b moderate tapping (rsp=0.4-0.7); and c hard tapping (rsp=0. 1-0.3). In all height images the 
contrast covers variations in the 0-170 nm range. In the phase images, the contrast covers 
phase shifts in the 20° (a,b) and 50° in (c). Reproduced from [110] 



those for rigid materials may arise [4]. The instability of the polymer surface, 
strong dependence of the surface properties on the environmental conditions, as 
well as the peculiar dehesion/readhesion waves make the investigation of fric- 
tion properties more difficult. 

LFM of thin gelatine films revealed an entire spectrum of tribological behav- 
iour depending on the scanning velocity and the applied load [426] . Friction and 
wear behaviours were distinguished between the glassy, the rubbery and the 
melt phases. Of fundamental importance was the finding that energy, trans- 
ferred to the film, caused local heating which melted the crystalline phase and 
induced rubbery behaviour on the amorphous phase. Recently, cross sections of 
microphase separated block copolymers of polystyrene and poly(2-vinyl pyrid- 
ine) have been investigated by LFM regarding friction coefficients depending on 
the chemical structure of the tips [427]. A few studies have been performed on 
thin polymer layers with regards to their lubrication performance [115, 428, 
429]. The friction coefficient of a Si wafer coated with an ultrathin film of PFPE 
was usually lower than an unlubricated surface, however, depending on the coat- 
ing structure the lubrication properties were shown to degrade during long term 
operation. 
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3.5 

Surface Patterning and Nanofabrication 

Today the frontier of the fabrication of electronic devices has moved from the 
micrometer scale down to tens of nanometers scale. Scaled-down conventional 
devices such as field-effect transistors and devices based on quantum effects are 
two most prominent examples of the electronic miniaturisation [20, 23, 430]. 
The major challenges in preparation of such devices are (i) growing the sub- 
strate materials and (ii) patterning the substrates. Whereas the former rely on 
self-organisation of the surface structure, the substrate patterning on the nano- 
scale requires special tools. 

Shortly after the invention of STM and SFM, it was noticed that the scanned 
surface area revealed different morphology depending on the scanning condi- 
tions. This observation opened a new field of applications of SPM techniques di- 
rected towards surface modification and data storage on the nanoscale and now- 
adays called scanning probe-based lithography (SPL) [414,431,432]. Most inter- 
esting examples of SPL capabilities include single molecule manipulation [433- 
436], electrochemical deposition of metal nanoclusters [437], local polymerisa- 
tion [438], and field emission modification of polymer resists [439, 440]. 

In comparison to STM, robust SFM utilities are less suitable for nanolithog- 
raphy unless they are specially modified. First, electronics must be open for gen- 
eration of the pulsed bias (or force) and synchronisation of this pulse with the 
tip motion. The sample stage should be equipped with a micrometer positioning 
system in order to enable analysis of previously produced structures. Special 
tips may be required with a high durability, hardness and sufficient electrical 
conductivity. Depending on the mechanism of surface modification one can dis- 
tinguish electrical, mechanical, chemical, and optical SPL methods. However, 
not all these methods can be implemented for nano structuring of polymer sur- 
faces. 

3.5.1 

Electrical Lithography 

An electric field applied between the tip and sample gives us a powerful means 
for surface modification including electrochemistry, electrostatic charging, or 
merely ohmic heating. Usually, electrical modifications do not lead to profound 
changes in the surface topography. Moreover, bias pulses enable modifications 
on smaller scales compared to a mechanically induced pattern. Most of the SFM 
based electrical lithography have been done on inorganic substrates such as hy- 
drogenated silicon wafers [44 1-445]. The terminal hydrogen atoms can be local- 
ly removed by applying a bias pulse so that the stripped areas became suscepti- 
ble to oxidation. When the oxidation is performed in the ambient, the pattern 
quality strongly depends on humidity. Figure 48 shows oxide stripes on a Si 
(100) sample, where the stripe width could be reduced from 90 nm to 4 nm by 
lowering the relative humidity from 61% to 14% [445]. 
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Fig. 48. The surface patter of Si02 stripes on a silicon wafer was prepared electrochemically 
by applying a bias pulse to locally remove the terminal hydrogen atoms. The aspect ratio 
(height/width) of oxide lines improves significantly when the relative humidity is lowered 
from 61% to 14%. Reproduced from [445] 





Fig. 49. A schematic to illustrate the basic concept of the deposition process, a The insulat- 
ed tip serves as the counter electrode and the substrate serves as the working electrode in 
the electrochemical cell, b A small amount of polymer will be directly polymerised onto the 
substrate following a single high voltage pulse.c An STM image of the word “science”, which 
was written by polymerising polypyrole directly onto a gold surface. The size of the poly- 
mer dots are 5-10 nm across. Reproduced from [453] 
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Because of some apparent restrictions, organic materials including polymers 
are not very suitable for electrical SPL. First, the surface structure of organic ma- 
terials is less stable and less defined compared to inorganic solids. Second, the 
materials to be used for electrical SPL have to be either electrically or optically 
active. Most of the SPL experiments have used Langmuir-Blodget films and self- 
assembled monolayers (SAM’s) due to their well defined thickness, orientation 
of the molecules and uniform surface composition [446-450]. 

In addition to the conventional lithographic techniques, surface patterning 
was performed by means of local polymerisation of the monomers under the 
SPM tip. These studies have been mainly focused towards electrically conduc- 
tive polymers such as polypyrole, polythyophene and polyaniline. The easiest 
way to implement polymerisation is to set either the tip or sample potential suf- 
ficiently positive to cause the electrochemical oxidation of the monomer [438, 
451-455]. This technique enabled controlled removal and deposition of polymer 
dots as small as 1 nm to in a well defined pattern [453]. After deposition, the dots 
could be read using a conventional imaging mode (Fig. 49). 

Also polymers which are not lithographically active have shown some useful 
properties. STM has been used to produce from 0.5 to 2 nm sized structures in thin 
films of polyvinyl alcohol [456]. The structures were shown to depend strongly on 
the relative hiunidity and their origin might involve electrochemical reactions. 



3.5.2 

Mechanical Modification 

As compared to electrical SPL, a broader range of materials becomes accessible 
for surface modifications using mechanical means. Two different approaches 
have been developed based on SFM: surface scratching and material transfer. In 
the first approach, a scratch or trench of a defined width and depth can be pro- 
duced by dragging the tip across the sample under controlled load and speed. In 
the second and more elegant approach, small portions of the sample, e.g. mole- 
cules and particles, are picked up by the tip, lifted and transferred to another re- 
gion of the surface. 

Different types of lithographic constructions, such as lines, grooves and pits, 
could be inscribed by a SFM in thin metal films [457-459]. In a similar way, SFM 
has been employed to scratch thin polymer coatings for the photoresist applica- 
tion. Depending on the mechanical properties of the polymer, the applied forces 
were varied from 5 to 300 nN to produce grooves with a width around 30 nm and 
a depth of ca. 5-10 nm [460-462]. Two patterning modes have been identified 
depending on the applied load. Below a certain force value, the produced pattern 
appeared raised, whereas at higher forces the material was removed and piled up 
at the edges of the grooves [460, 463]. Different deformation mechanisms were 
also observed while studying polymer blends of polystyrene and polyethylene 
oxide, where the PEO component revealed greater compliance [420]. The defor- 
mation mechanism was investigated in terms of the energy dissipation and ine- 
lastic deformation induced by the SFM tip when scanning a polymer film [416]. 
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Fig. 50. a SFM picture of an indentation of the letter “T” on PMMA with a nickel tip. Force 
used for the imaging was 10"® N. b Profile along the line drawn in (a). Reproduced from 
[416].c“HEUREKA”written with the dynamic ploughing technique on a compact disc (CD) 
of polycarbonate. The holes are information pits in the disc. The letter height is 700 nm, and 
the indentation depth is 10 nm. Reproduced from [464] 
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Fig. 51. A sequence of SFM images acquired during the formation of GaAs nanoparticles on 
a GaAs surface. The SFM tip was used to push the particles to their final positions in the 
line. Reproduced from [468] 
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Under well controlled conditions, a micrometer letter “T” in Fig. 50a was pro- 
duced in a thick PMMA film by 75 nm indentation of the tip into the sample 
which resulted in a trench depth of 20 nm. 

Recently, dynamic mode SFM has been used for genltle and more controlled 
surface modification [464, 465] . Depending on the substrate type, the loading force 
was varied with ca. 500 nN amplitude at a frequency of 0.1-10 kHz. Force modula- 
tion SFM was employed to write on polycarbonate surfaces with letters ca. 50 nm 
high (Fig. 50b) as the tip was in light contact with the surface and a modulation fre- 
quency was relatively low to ensure plastic deformation of the polymer [464]. 

A few other examples have to be mentioned though they are not polymer re- 
lated. As an alternative to scrapping out a portion of a surface. Butt et al. has pro- 
posed to use a SFM tip as a carrier of molecules which can be selectively ad- 
sorbed to a defined surface region [466]. With this approach, SAM patterned 
surfaces can be performed on much smaller scales compared to the pCP tech- 
nique [23, 213]. In the other mechanical approach, SFM tips have been used to 
push (move) single atoms or small clusters on a surface in a defined arrange- 
ment [467, 468]. Figure 51 shows a sequence of SFM images captured during for- 
mation of a line of 30 nm GaAs nanoparticles [468]. 

3.5.3 

Chemical Synthesis on the Nanoscale 

As compared to electrical and mechanical SPL’s, SPM based approaches for the 
chemical synthesis of nanostructures are still in their infancy. Recently, highly 
localised chemical catalysis was carried out on the surface of a self-assembled 
monolayer with a platinum-coated AFM tip [469]. The terminal azide groups of 
the monolayer were catalytically hydrogenated and converted to amino groups 
(Fig. 52). In a second step, the amino groups formed by this process could be se- 
lectively modified with a variety of reagents to generate more complex struc- 
tures with high spatial resolution. The use of a catalyst rather than an electro- 
chemical process allows the use of a variety of SPM devices and surfaces, and re- 
quires no potential between the tip and sample. 

4 

Visualisation and Probing of Single Macromolecules 

Modern nanotechnology and nanofabrication processes are advancing towards 
manipulation of structure and functions on the molecular scale [19-23]. Many 
innovations and strategic areas of research which have appeared during the last 
5-10 years corroborate the famous opinion of R. Feynman “there is a plenty of 
space on the bottom” [471]. Some prominent examples include self-assembly of 
small molecules and their ordering at interfaces [8, 220, 472, 473], three-dimen- 
sional macromolecules with a defined shape, interior and surface structure [34- 
38], and templating of biomolecules [39-41,474]. Most of these concepts follow 
a biomimetic approach, where synthetic structures mimic organisation princi- 
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Allcj^lazide Alkylamide Aldehyde-modified 

latex bead 

Fig. 52. Scanning with a platinum coated SFM tip over a SAM surface containing terminal 
azide groups in the presence of Hj leads to the reduction of azide groups to primary amino 
groups. Derivatization of the resulting amine surface with aldehyde-modified latex beads 
results in specific labelling of the reduced areas. Reproduced from [469] 



pies of biological objects and rely on the kinetic ability of the system to reach its 
thermodynamic equilibrium. An alternative approach is constructing “things” 
with single molecules, which combines a bottom-up approach based on molec- 
ular self-organisation and a top-down approach using special techniques which 
enable manual control over a desired pattern. There is an endless list of synthetic 
concepts and key words which have recently emerged based on extraordinary 
progress in understanding of the structure and dynamics of single molecules; 
molecular motors, molecular muscles, molecular templates, molecular reactors, 
and molecular electronics. The progress in these fields is greatly assisted by 
scanning probe techniques which can identify objects as small as 1 nm, position 
them on a surface and probe their physical properties. 



4.1 

Biological Molecules and Colloids 

Because of the nanoscopic dimensions (1-100 nm) and structural complexity of 
the biological objects [39], the number of tools available for the biochemist is 
significantly more limited compared to synthetic and inorganic materials. Some 
of the structures are too complex for X-ray and NMR, and too small for optical 
microscopy. For many years, biologists have been looking for a complementary 
technique which would combine high resolution with operation in a physiolog- 
ically relevant environment. This became possible with the invention of the 
scanning force microscope whose resolution of biological samples has ap- 
proached 10 A, which is as good as of the transmission electron microscope. 
Currently, 3D reconstruction of the molecular structure (X-ray) and identifica- 
tion of specific atoms (TEM) in combination with the live observation and prob- 
ing of single molecules (SFM) represents a powerful approach in biophysics. 




Imaging of Polymers Using Scanning Force Microscopy: From Superstructures to Individual . . . 



141 



The frontier of biological SFM has advanced through a series of stages [48, 62, 
475-478]. At the beginning, main efforts have been made to develop methods for 
reliable deposition and visualisation of single macromolecules. Subsequently, 
the SFM has been used to characterise the structure of various biomolecules and 
biocolloids, such as nucleic acids, proteins, chromosomes, viruses and cells, as 
well as nucleo-protein assemblies. Recent studies focus on in-vitro investigation 
of real time dynamics, specific interactions and manipulation of biomolecules. 
In order to keep this review relevant to synthetic polymers the following topics 
are selected for discussion: (i) deposition of single molecules such as DNA onto 
a solid surface, (ii) imaging conditions for high resolution of their native struc- 
ture, (iii) statistical analysis of the polymer chain, (iv) interfacial ordering, and 
(v) dynamics of individual molecules. 

Irrespective of the experiment to be done, sample preparation contains a 
number of necessary conditions. First, aggregation must be prevented if one 
wants to investigate structure and conformation of single molecules. Second, the 
adsorption process must be reversible, or at least, very slow in order to approach 
the equilibrium state and allow statistical analysis of the molecular assembly. 
Third, adhesion of the molecules to the substrate must be strong enough to sus- 
tain the mechanical and adhesive interactions with the tip. However, it should be 
relatively low to prevent the native structure from deformation. 

Compared to other biomolecules, nucleic acids have been studied more in- 
tensively, mostly for methodological reasons. At first, nucleic acids have well de- 
fined structure which is easily identified amongst other features at the surface. 
Secondly, their secondary structure is stable and sustain adhesion to the sub- 
strate. Different techniques and deposition protocols have been reported to at- 
tach biomolecules to a solid substrate and thus enable imaging of DNA under 
water as well as in air. Most of the techniques make use of electrostatic binding 
of the molecules to mica. In water, mica is negatively charged [479, 480] and 
therefore, repels negatively charged DNA molecules. Most common deposition 
buffers contain up to 100 mM monovalent ions and 1-10 mM of divalent cati- 
ons, such as Mg"'"'', Mn"'"'', Co"'"'', and Ca"'"'' [481]. The divalent cations promote 
DNA adhesion to the mica surface by inverting its charge [482]. Other methods 
require treating mica with aminopropyltrimethoxy silane [483] or non-ionic de- 
tergents [484]. Low DNA concentrations of 0.5-2 nM are usually used in order 
to obtain single molecules evenly dispersed over the surface (Fig. 53a). Finally, 
dehydration of DNA in propanol or in vacuum prior to the measurement fa- 
vours stronger adhesion of the molecules to mica in the aqueous environment 
[485]. 

Strong electrostatic binding to the surface allowed DNA molecules to be 
scanned for long periods of time without damage and displacement. First relia- 
ble images of DNA were obtained in air under low humidity conditions [486, 
487] or in propanol [488]. At low humidity, DNA molecules can withstand forces 
as high as 130 nN. Whereas at high humidity (RH>35%), the molecules can be 
dissected or swept away by the tip even with a net force of 30 nN [489] . The main 
cause for that is the capillary forces which vanish upon scanning under liquid. 
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Fig. 53. a DNA molecules of 5994 bp deposited on mica from a physiological solution, b 
Mean-square end-to-end distance, <R^>, as a function of the DNA contour length meas- 
ured in different buffer solutions [493]. The continuous line represents the <R^> evaluated 
from Eq. (10) for a DNA persistent length of 53 nm 



For example, imaging forces in propanol were typically one order of magnitude 
lower than in air resulting in smaller deformations [170]. Moreover, liquids like 
propanol prevent various contaminants from adhering to the tip during scan- 
ning. Another requirement for stable imaging is to use a sharper tip to reduce 
the adhesion and the capillary forces. Also hydrophobised tips might help to 
lower the tip-sample interactions. 

Imaging possibilities have been enhanced significantly with the introduction 
of the intermittent contact modes [490-491]. Tapping alleviated the requirement 
for a strong attachment of the DNA molecules to the surface, since lateral forces 
were removed and perpendicular forces were reduced considerably due to high- 
er sensitivity of the amplitude to the force variations. The resulting DNA images 
demonstrated higher contrast than those obtained using contact mode SFM. 
One of the highest resolution has been achieved for DNA molecules with an av- 
erage width of the double helix of 3.5 nm using MAC mode SFM [491]. At 
present, intermittent contact SFM in combination with a sharp tip, controlled 
humidity and strong attachment to the substrate enables stable and reliable im- 
aging of nucleic acids with a resolution of ca. 3 nm. 

When molecules adsorb to a flat substrate, their conformation is modified 
due to the geometric confinement between the two interfaces and the direct in- 
teraction to the substrate. This state can be far from equilibrium if the adsorp- 
tion process has been fast and irreversible. In this case, the molecules do not 
have time to sample the whole assembly of thermodynamic states and get 
trapped kinetically at contact sites. The reversibility is difficult to achieve be- 
cause of the great size of the molecules and strong adhesion which might exceeds 
kgT by far. In order to approach an equilibrium state, the sample has to be pre- 
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pared under slow adsorption conditions on a time scale comparable to equili- 
bration times of a polymer chain. The equilibration time increases with the 
chain size, the density of binding sites and the binding energy [481]. Optimal 
deposition conditions were found, where the transfer of DNA molecules from 
solution to the substrate is controlled solely by diffusion [493]. For example, for 
0.5 nM DNA molecules in a pH 7.4 buffer containing 10 mM NaCl and 2 mM 
MgCl 2 , the diffusion coefficient D=5.5xl0“* cm^/s was found using the formula 

rij / «o = Vt , where - surface concentration of the adsorbed molecules 

and no'Concentration of the molecules in solution. Under these conditions, the 
molecules adsorbed onto mica as single species as shown in Fig. 53a. 

Assuming that the deposition process is dominated by equilibration rather 
than kinetic trapping effects, Rivetti et al. have performed statistical analysis of 
the chain conformation in terms of the mean-square end-to-end distance, <R^>, 
and the mean-square bend angle, <0^> [493]. Both values are well described 
theoretically for both two-dimensional and three-dimensional states [494-498]. 
For a two dimensional system, the following formula can be used: 



(R^) = 4PL 






-^4PL 



for 



(10) 



(0‘>U 

where P and L are the persistence length and the contour length of the molecule, 
respectively, and I is the arc length spanned by the bend angle 0. Figure 53b 
shows a plots of <R^> as a function of the contour length. The slope of the plot 
could be approximated using a persistence length of 53 nm [499]. The data were 
in good agreement with those obtained by electron microscopy and gel electro- 
phoresis [500]. 

Besides nucleic acids, also cell membranes and membrane-bound proteins 
have been intensively investigated [ 50 1 -508] . In this case, the SFM measurement 
is facilitated by the atomically smooth surface of the membranes and strong ad- 
sorption to hydrophilic surfaces. High resolution images of membrane bounded 
Escherichia coli were obtained by tapping mode SFM which provided unique ev- 
idences to the previously proposed model for ECFq permitting internal rotary 
motions [503, 504]. Complementary, an exceptionally high resolution has been 
achieved for proteins stabilised by chemical crosslinking using contact mode 
SFM [505, 506]. Filamentous structures of F-actin with ca. 36 nm periodicity 
were observed by non-contact mode SFM [507]. Somewhat latter, intermittent 
contact SFM has been used to image both globular and filamentous proteins in 
physiological solutions without any visible damage [184]. A helical pitch of 
37 nm could be resolved in agreement with the X-ray data. Recently, in-vitro 
studies of microtubule structure has been able to reveal the individual tubule 
within one protofilament [508]. 
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In addition to the structure of individual biomolecules, also their aggregation 
behaviour and interfacial ordering have been investigated. Globular proteins 
such as ferritin, lysozyme and chymotrypsinogen showed ordered arrays upon 
adsorption on various substrates [478,509-5 12]. Recently, a very high resolution 
of ca. 1 nm has been achieved on imaging of purple membranes in aqueous so- 
lutions [51 1 ]. The resolution in this case is favoured by the smooth surface struc- 
ture of the membranes and the mechanical stability of the crystalline array. Also 
DNA molecules have been shown to condense into various ordered phases at 
high concentrations in aqueous solutions [513]. Lipid membranes were used as 
a platform to achieve a close 2D-packing of the molecules (Fig. 54a) which ap- 
peared to be independent on the length of DNA and disregarded whether the 
DNA molecules were circular or linear [514]. In addition to the semiflexible 
DNA molecules, rod-like particles of cytoplasmic microtubules [515] and the to- 
bacco mosaic virus (TMV) were readily imaged by SFM [516-518]. According to 
X-ray experiments, TMV rods are 300 nm in length and 18 nm in diameter. The 
TMV surface has a net negative charge in aqueous solutions under neutral pH. 
Depending on the ionic strength of the solution and the presence of small deter- 
gent molecules, TMV rods either randomly dispersed over the substrate or con- 
densed into a 2D ordered array (Fig. 54b). Different aggregation mechanisms 
have been proposed, though measurements in liquid are required to avoid cap- 
illary forces leading in aggregation [519]. 

To summarise, recent developments in SFM concerning sample preparation 
and imaging techniques caused significant progress in biological sciences by 
making it possible in-vitro visualisation of single molecules in their natural en- 
vironment with a resolution as high as 10 A. This inspired very exiting experi- 
ments such as (i) real time diffusion of DNA [520-522] and motion of proteins 
[512, 523 ]; (ii) in-situ monitoring of complex biochemical processes such as 




Fig. 54. a A typical image of closely packed pZT plasmid DNA molecules adsorbed onto a 
cationic lipid membrane of dipalmitoyldimethyl ammoniumylpropane. The image was re- 
corded in 20 mM NaCl [513]. b Height image of tobacco mosaic viruses on the mica surface 
modified with bovine serum albumin (BSA). In contrast, direct adsorption from a solution 
containing BSA led to disperse adsorption of the TMV rods [517] 
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transcription and replication [524-526]; (iii) measuring of elastic response of bi- 
opolymers to stretching and torsion; (iv) probing specific interactions; and (v) 
mechanical manipulation of single macromolecules using laser trapping tech- 
niques and the scanning force microscope. Some of the recent advances in these 
fields will be discussed in Sect. 4.3. 



4.2 

Three Dimensional Polymers 

Precise control of the primary structure and the segmental interaction of natural 
macromolecules enables them to adopt well defined tertiary structures such as 
supercoils and globules [39]. In contrast, introduction of secondary bonding in 
synthetic polymers, typically leads to the formation of entangled structures and 
aggregation. The dense and cascade-type branching provided a useful approach 
towards three dimensional molecules, which do not interpenetrate each other 
but interact via their surfaces. Recent synthetic developments include star-like 
polymers [527], dendrimers [26, 34, 35] and arborescent graft polymers [528, 
529]. Polymerisation of substituted macromonomers as well as grafting onto 
linear chains can yield cylindrically shaped macromolecules such as “hairy 
rods” [530], worm-like brushes [24, 38, 531, 532] and monodendron-jacketed 
chains [37, 533, 534]. These colloidal like molecules have been discussed as val- 
uable building units for a future nanotechnology as biochemical sensors [535, 
536], molecular containers [537-539], templates for nanolithography [540,541], 
energy transfer funnels [542, 543], and polyfunctional initiators and catalysts 
[539, 544-546] . Hereby, one takes advantage of the narrow molecular weight dis- 
tribution and the synthetic versatility which enable rigorous control of their 
size, shape, interior structure and surface functionality. 



4.2.1 

Molecular Spheres 

Interfacial ordering of spherical molecules can be used to prepare a nanoscopic 
pattern over the entire surface of a planar substrate [540, 547, 548]. When the 
molecules are adsorbed from solution onto the substrate surface, the ordering 
process is effected by dewetting events which are driven by the capillary forces 
emerging during solvent evaporation [518]. This has been studied most inten- 
sively for polymer lattices deposited onto a substrate from aqueous suspensions 
[549-553]. Latex films are of great technological interest since they became 
widely used for printing pains, lacquers and adhesives. Polymerisation in micro- 
emulsions yields ultrafine latex particles ranging from 5 to 50 nm in diameter 
[554]. Due to the poorly controlled capillary forces and the vigorous Brownian 
motion, the smallest array of latex spheres achieved so far has a periodicity of 
42 nm [551]. Complementary to the densely packed layers, patterned surfaces 
have been prepared by disperse adsorption of charged latex particles from aque- 
ous solutions [555-558]. Double-layer screening of interparticle electrostatic re- 
pulsion was explored to control the surface coverage and hence the interp article 
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distance. On solid surfaces, the strong adhesion and the irreversible adsorption 
hinder the thermal mobility of the particles. As a consequence, the equilibration 
process can be prohibitively long and results only in short range ordering within 
monolayer domains. Long range ordering in patterned monolayers of latex 
beads was achieved at the air/water interface due to the higher surface mobility 
of the water suspended particles [555]. 

Another promising candidate for preparation of nanoscopic coatings are den- 
dritic molecules such as arborescent graft polymers [528, 529] and dendrimers 
[26, 34, 35] . The multiple branching yields a large number of chain end function- 
alities, which distinguishes dendritic macromolecules from conventional star- 
like polymers [527] and microgels [554]. Moreover, the high branching density 
prevents overlapping and cause molecular segregation. In contrast to polymer 
coils, the Euclidean shape, the dense packing of the chain segments, and the top- 
ologically defined surface of dendrimers justify considering them as molecular 
particles whose physical properties such as the melt and intrinsic viscosities can 
approach that of hard spheres [559-562]. The well defined geometry and the low, 
if any, polydispersity of such molecules favours preparation of nanoscopically 
ordered films [36]. Figure 55 shows a monolayer structure of the arborescent 
graft polystyrenes (3rd generation, M„sl0^g/mol). Except a few defects due to 
the polydispersity, the monolayer exhibited a fairly ordered structure of the 
densely packed spheres. Due to the high branching density, the molecules kept 
their spherical shape, in contrast to the loosely branched polystyrenes which 
were flattened by adsorption forces. Thus, it is feasible to obtain 2D arrays of na- 
noscopic spheres with a periodicity from 5 to 100 nm provided that the mole- 
cules are monodisperse. 

Dendrimers can be regarded as small molecular spheres which are distin- 
guished from other hyperbranched macromolecules by their unprecedented 
monodispersity. Depending on the generation number, their diameter ranges 
from 2 to 15 nm [563]. In spite of a certain similarity to macroscopic bodies, 
dendrimers are too small to be able to neglect the influence of the molecular 
structure, the chain flexibility and the thermal fluctuations on their physical 
properties. The ambivalent nature of dendrimers was demonstrated by adsorp- 
tion and spreading on an interface [315,319, 564-574]. SFM was used to monitor 
spreading of a carbosilane dendrimer, which at room temperature represents a 
complex liquid consisting of globular molecules of about 30 A in diameter 
(Fig. 56). Owing to their liquid nature, dendrimer droplets were shown to spread 
slowly on a flat surface of highly oriented pyrolitic graphite and yield a double 
layer film. However, owing to their colloidal properties, the monolayer thickness 
was determined by the globule diameter and the deformability of the particles. 
Other types of carbosilane dendrimers containing liquid crystal moieties were 
investigated by SFM regarding their film-formation properties [564]. In this 
case, the layered structure was promoted by the mesogenic end groups, where 
the monolayer thickness correlated with the molecular diameter. Self-assembled 
multilayers were prepared by adsorption of polyamidomine dendrimers using 
an electrostatic deposition technique [569]. 
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Fig .55. left: Schematic illustration of an arborescent graft polymer as a result of successive 
grafting reactions. The dotted circles and numbers correspond to the grafting steps, right: 
SFM images of a monomolecular film of arborescent graft polystyrene S05-3. Each sphere 
corresponds to one molecule having a diameter of 50 nm and a height of 35 nm [36] 




Fig. 56. Amplitude micrographs demonstrate partial wetting of HOPG by the carbosilane- 
siloxane dendrimer [315]. a Initially, fluid droplets with an apparent contact angle of about 
8 degrees were observed, b After one month at 23 ° C, the droplets spread and formed polyg- 
onal lamellae with a thickness of 4.5 nm. Most of the lamellae contain a spherical cap which 
forms a reservoir for spreading, c After annealing at 150°C for 20 min, a 4.5-nm thick film 
was formed consisting of two distinctive monolayers with a thickness of 2.0 — 2.4 nm. Pref- 
erential spreading occurred along the terraces on the graphite 



Because of the small size of dendrimers, it is rather difficult to achieve molec- 
ular resolution and visualise single molecules by conventional techniques 
(Sect. 2.3.3). Recently, cryo-TEM has been used to image individual molecules of 
poly(amidoamine) from generation 5 to GIO [563]. Usually, scanning force mi- 
croscopy shows some grainy or corrugated surface structure, where the grain 
size was much greater than the molecular diameter and ascribed to some asso- 
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dates [569-573]. Isolated dendrimer molecules could be prepared by adsorp- 
tion from dilute solutions using short exposure times [315, 572, 573]. The picto- 
rial resolution of single molecules enabled their characterisation regarding 
polydispersity [573]. A relatively low size distribution from 100 to 400 nm in di- 
ameter for hyperbranched molecules was demonstrated by SFM complementary 
to light scattering and TEM measurements. Usually, the height was significantly 
lower (more than two times) as explained by the interaction with the substrate 
[574]. The anisometric changes of the molecular shape can be prevented by re- 
ducing the adhesion forces and increasing the branching density [36]. 



4.2.2 

Worm-like Molecules 

Cylindrically shaped macromolecules have been prepared synthetically only 
rather recently by attaching either linear chains [53 1, 532, 575, 576] or monoden- 
drons [37, 533, 534] as side groups to a flexible backbone. In the case of cylindri- 
cal brushes, the steric repulsion between the densely grafted side chains increas- 
es the extension of the backbone [577-579] and leads to a persistence length 
comparable to the contour length of the main chain [580, 581]. The worm-like 
conformation of the brushes is illustrated in Fig. 57a. Usually, adsorption of the 
brush molecules onto a solid substrate yields a densely packed monolayer char- 
acterised by a short range orientational order of the brush segments [38, 582]. 
For example, when the poly(2-vinylpyridine) brushes were adsorbed on mica, 
they were observed by SFM as semi-flexible cylinders with their backbone 
aligned parallel to the substrate plane (Fig. 57b). Due to the high grafting densi- 
ty of the side chains, individual molecules in the monolayer did not interpene- 
trate and formed disordered meanders with hairpins. 





Fig. 57. a Schematic representation of the cylindrical brush consisting of a PMA backbone 
and PVP side chains (DP,„ - weight average degree of polymerisation, M,,, - molecular 
weight of the side chains), b Phase micrograph (tapping mode SFM) of PVP brushes depos- 
ited from chloroform solution of c=0.1 mg/ml on mica by spin coating. Worm-like mole- 
cules organised into a densely packed monolayer [38] 
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Different methods can be used to prevent molecules from aggregating as they 
adsorb to the substrate and observe them as single species. This can be done by 
(i) increasing molecular weight to reduce thermal mobility, (ii) increasing adhe- 
sion to the substrate, (iii) modification of the wetting properties of the substrate, 
and (iv) using rapidly evaporating solvents. Figure 59a shows single molecules 
of PMMA brushes prepared by adsorbing them from a dilute solution on the po- 
lar surface of mica. Visualisation of individual brushes enabled direct investiga- 
tion of their macroconformations not affected by the neighbouring molecules. 
By analogy to the pinned micelles in the planar brushes [583-588] axial modu- 
lation of density were observed in cylindrical brushes of poly(2-vinylpyridine) 
[38] and polymethylmethacrylate [589]. PMMA brushes in Fig. 58b display a 
caterpillar shape, where the periodic variation of the diameter along the main 
axis were ascribed to the microphase segregation occurring upon increasing the 
grafting density and decreasing the solvent quality [589]. In this case, the aggre- 
gation of the side chains into pinned clusters is driven by the reduction of the 
unfavourable contacts with the solvent (interfacial energy), which is opposed by 
the entropic penalty due to the stretching of side-chain legs. Similar effects were 
observed in the polyelectrolyte chains where electrostatic repulsion provided 
additional force favouring extension of the backbone [590]. 

An alternative way to separate molecules is to introduce charges or ionic 
groups in their chemical structure. For example, poly(2-vinylpyridinium) 
brushes could be converted into polyelectrolyte brushes by quaternization with 
benzyl bromide. In aqueous solution, the positively charged brushes adsorb 
readily onto the negatively charged surface of mica. Figure 59a shows a monol- 
ayer structure obtained during in-situ monitoring of the adsorption process by 
MAC mode SFM [ 194]. In contrast to the neutral polymers, which aggregate into 




Fig. 58. a A height SFM micrograph of polymethymethacrylate brushes adsorbed on mica 
from a dilute solution in chloroform [581], b Magnified image of single molecules which ex- 
hibit a caterpillar shape. The axial modulations of the diameter have been explained by micro- 
phase segregation of the side chains into pinned clusters upon evaporation of the solvent [589] 
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a densely packed monolayer, charged PVP brushes repel each other, resulting in 
a sparse coating of worm-like particles. Assuming complete neutralisation of the 
substrate, the number of adsorbed macromolecules per unit area should be pro- 
portional to the charge density of the substrate and reciprocal to the uncompen- 
sated charge of the adsorbed species. The degree of coverage was altered be- 
tween 10 and 50% by changing the ionic strength and the degree of ionisation of 
the molecules [591]. For example, the coverage of mica with the poly(2-vinylpy- 
ridinium) brushes increased two times when 5 mM NaCl was added to the aque- 
ous solution. Figs. 59b-d show a series of images of the poly(2-vinylpyridinium) 
brushes recorded during adding of NaCl. 

Another type of cylindrical macromolecule has been prepared by attaching 
monodendron substituents as side groups to a linear chain [37, 533, 534]. The 
tapered shape and a certain amphiphilicity of the monodendrons provides ad- 
ditional factors enforcing the extension of the main chain due to their self-as- 
sembly into columns [592]. Depending on the degree of polymerisation and the 




(.) mil lin.tu 



Fig. 59. a In-situ observation of poly(2-vinyl-Ar-benzylpyridinium bromide) brushes by the 
MAC mode SFM as adsorbed on mica from a salt-free aqueous solution at a concentration 
of 0.01 mg/m [591]. Charged PVP molecules repelled each other and eventually tend to 
align parallel or perpendicularly at close distances. The cross-sectional profile beneath the 
micrograph demonstrates the regular roughness of the coating (b-d) Sequence of images of 
the polyelectrolyte brushes adsorbed from a 0.05 mg/ml solution b before, c during, and d 
after adding NaCl salt to an ionic strength of 0.1 M 
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degree of branching of the side groups, the monodendron-jacketed polymers 
were shown to undergo ordering into a hexagonal columnar or cubic mesophase 
[593]. On a surface, such molecules were observed by SFM as ca. 5 nm thick 
threads aligned parallel to the substrate plane [594, 596]. Monodendron-jacket- 
ed polystyrenes in Fig. 60a were visualised as single species, when they get ad- 
sorbed from solution on HOPG (Fig. 60b). The attained resolution of the chain 
ends enabled direct measurement of the molecular length. In combination with 
independently determined molecular weight the chain length per repeat unit 
could be evaluated as Igp^^I^/DP,^ where DP^^ is the degree of polymerisation 
from static light scattering [594]. The table in Fig. 61a depicts different length 
values derived from SFM, SEC and SLS experiments. In agreement with the X- 
ray data [37, 597], the SFM length per monomer unit of polymer 1 (lspM=1.2 A) 
turned out to be almost two times less than the length for a fully extended main 
chain (1^=2. 5 A) in an all-trans conformation. The axial contraction was attrib- 
uted to a locally coiled or twisted conformation of the backbone (Fig. 61b). Oth- 
er polymers of this type with sterically more demanding side groups demon- 
strated almost complete stretching of the catenated carbon backbone approach- 
ing the all-tra«s planar conformation [594, 596]. 

Additional evidence for the helical conformation of the backbone was found 
upon adsorption of the monodendron-jacketed polystyrenes on mica which 
does not exhibit specific interaction with the alkyl tails [596]. Single molecules 
in Fig. 62a were observed as worm-like cylinders twisted to supercoils called 
plectoneme (from the Greek meaning “braided string”) which represents a way 
of releasing torsional stress [598, 599]. Due to the intramolecular crossings, the 
dense monolayer in Fig. 62a resembles a network or felt-like structure. Figure 
62b shows a similar conformation observed for biomolecules and model 
polypeptides [600]. To the best of our knowledge, the supercoil conformation of 
the monodendron-jacketed polystyrene is one of the first observations of a well 
defined tertiary structure in synthetic polymers. The plectoneme conformation 




Fig. 60. Chemical structure and SFM micrograph of monodendron-jacketed polystyrene 
(14-ABG-PS) adsorbed on highly oriented pyrolitic graphite [594] 
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Fig. 61. a The table depicts molecular length (Ljy), polydispersity (1^/L„), and the degree of 
polymerisation (DP„) of the monodendron-jacketed polystyrene 14ABG-PS measured by 
scanning force microscopy (SFM), size exclusion chromotography with universal calibra- 
tion (SEC-US) and light scattering detector (SEC-LS), and static light scattering (SLS).b A 
random helix conformation of a linear chain with monodendron side groups was proposed 
to explain the axial contraction of the monodendron-jacketed linear chain [594] 




0 nm 250 0 |un 1.6 

Fig. 62. High resolution height SFM-micrographs of a 14-ABG-PS on mica [595] and b twist- 
ed ribbon structure of polypetide (3-sheets [599]. Protruding molecules at the film edge 
(marked by arrows) clearly show the plectoneme type conformation caused by the backward 
folding of the torsionally stressed molecules. Insert in (a) depicts a plectoneme supercoil 



could be caused by underwinding or overwinding of a helical backbone from its 
equilibrium state [601]. Obviously, quick evaporation of the solvent resulted in 
a residual torsion in the molecule as it contracted in itself Unlike macroconfor- 
mations of biomolecules, where the tertiary structures are often stabilised by 
specific interactions between side groups, the supercoil of the monodendron- 
jacketed polymers is metastable. Eventually, annealing offered a path for the 
stress relaxation and allowed the structural defects to heal [596]. 

A subsequent question, which has been explicitly addressed, regards the in- 
teraction of the brush like molecules with the flat solid substrate [594, 596]. The 





Imaging of Polymers Using Scanning Force Microscopy: From Superstructures to Individual . . . 



153 



height of the cylindrical brushes [38, 582] as well as monodendron-jacketed pol- 
ymers was determined to be considerably smaller than their lateral diameter. 
This flattening indicates strong interaction of the side chains to the substrate. 
Besides changes in the molecular shape, strong adsorption can cause new types 
of macroconformations and even ordering of the brush-like macromolecules. In 
Fig. 63a, polystyrene, where each styrene unit is substituted by a 3,4,5 tribenzy- 
loxybenzoate with one tetradecyloxy substituent in thepnra-position of the ben- 
zyl groups, display a peculiar conformation consisting of straight segments with 
bends of a characteristic angle of 60 ° and 120 °. In contrast, the same polymer 
did not show any particular order on mica (Fig. 63b). Only a short-range orien- 
tational order of densely packed cylinders was observed. The ordering of the 
macromolecules was explained by the epitaxial adsorption of the alkyl tails of 
the monodendron side groups on HOPG. Formation of highly ordered monol- 
ayers due to preferential orientation of the hydrocarbon chains with respect to 
the graphite lattice was reported for linear alkanes and cycloalkanes [602, 603], 
as well as for comb-like molecules with alkyl substituents such as olygothi- 
ophenes [604]. In this case, the repeat length lg=2.54 A of a -(CH 2 -CH 2 )- se- 
quence in an all-trans planar zigzag conformation matches the crystallographic 
spacing a=2.46 A of the graphite surface. In the case of monodendron-substitut- 
ed polymers, the configurational accessibility of the tails to the adsorption sites 
depended on the degree of branching of the side groups. For polymers, where 
each dendron is substituted by nine alkyl substituents, resulting in a rather 
dense coat around the backbone, the epitaxial adsorption was significantly hin- 
dered due to steric repulsion between the side chains and greater stiffness of the 
backbone. 




Fig. 63. SFM-micrographs of the monolayers on a HOPG and b mica prepared by spincas- 
ting of 14-ABG-PS solutions in cyclopentane (c=0.1 mg/ml). Individual molecules in (a) 
aligned parallel to the substrate and bent at characteristic angles of 60 ° and 120 °. This in- 
dicates epitaxial adsorption of the alkyl tails according to the three fold symmetry of graph- 
ite. The worm-like molecules in (b) wound around each other and resulted in a felt-like 
structure [596]. The inserts illustrate specific interaction of the side chains with HOPG (a) 
and their absence on mica (b) 
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In conclusion, the pictorial resolution of single macromolecules by SFM pro- 
vided a new analytical technique for polymer characterisation regarding molec- 
ular dimensions and macroconformations. The resolution has been achieved 
due to the well defined shape and the strong molecular segregation of the hyper- 
branched polymers. Another factor, which facilitates the observation individual 
molecules, is adhesion to the substrate. However, one should take great care in 
interpreting their macro conformation which can be greatly affected by the in- 
teraction between the side chains and the substrate surface. The combination of 
the interfacial interactions with the intramolecular steric repulsion acting along 
the backbone can be a powerful tool to organise nanoscopic cylinders on a sur- 
face. 



4.3 

Probing Specific Interactions and Elasticity of Individual Molecules 

In addition to the covalent bonds, nature has developed a variety of multiple 
nonocovalent bonds that demonstrate a high degree of spatial and directional 
specificity. These molecular-recognition interactions play a key role in assembly 
and regulation in living organisms. During the last decade, different techniques 
such as micropipette [605], microfibres [606], optical or magnetic tweezers 
[607-610], surface force apparatus [611], and scanning force microscopy [612, 
613] have been employed to measure molecular forces and elasticity of single 
molecules with a sensitivity down to 0.1 pN (Table). These measurements ap- 
peared to be complementary to other stretching experiments, using hydrody- 
namic flows [614] and electric fields [615], as well as theoretical models of a 
stressed polymer chain [616-618]. 

Compared to the other methods, SFM probes smaller contact areas which 
make possible to investigate the forces between individual objects such as mol- 
ecules, ligands, and cells, within a broad range from 1 pN to 100 nN. Different 
modes of SFM have been used to characterise adhesion between chemically de- 
fined surfaces (see Sect. 2.2.2). In principle, chemical force microscopy is capa- 
ble of providing qualitative information about both the cohesion energy and the 
work of adhesion by measuring pull-off force or contact area between similar 
and dissimilar surfaces, respectively (Sect. 3.3). However, still it remains difficult 
to extract from these measurements the value of a single bond force. Some esti- 
mations have been done for hydrogen bonds [611]. 



Performance data of SFM, micropipette and optical tweezers 
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It has been relatively more successful to measure adhesion forces between 
large biomolecules such as biotin-streptavidin [222, 619] antibody and antigen, 
and complementary strands of DNA [380, 620]. In these experiments, glass mi- 
crospheres functionalized with the molecules were used as a probe to measure 
rupture forces. Although the measurements were reproducible, the interpreta- 
tion appeared to be difficult because of the inherent complexity of this type of 
interaction. For example, the streptavidin-biotin interaction involves at least 
seven hydrogen bonds and a similar number of hydrophobic interactions [621]. 
This makes it rather problematic to attribute the observed forces to a single in- 
teraction act and to estimate the force value from the unknown potential [619]. 
Moreover, the bond strength was shown to increase from about 5 pN to 170 pN 
with increasing the loading rate from 10”^ to 10^ pN/s [605]. Therefore, one of 
the strongest linkages in biology can be stronger or weaker depending on how 
fast they are loaded. Even more complicated is the interpretation of interaction 
forces between single stranded DNA where one has to distinguish between ad- 
hesive forces resulted from complementary, non-complementary and non-spe- 
cific interactions of oligonucleotide sequences [620]. 

Many peculiar functions of biomolecules are based on their unique ability of 
specific folding of their polypeptide chains. Qualitatively, this property was in- 
vestigated by chemical and thermal denaturation experiments. Scanning force 
microscopy has been employed to probe specific forces between binding pairs 
e.g. in polysaccharides like native dextran and xantan [622, 623]. In addition to 
the intramolecular assembling, some of the proteins have to withstand me- 
chanical forces to maintain a certain structure in dynamic processes. For exam- 
ple, titin is the giant sarcomeric protein (M=2.5 MDa) which controls the elas- 
ticity of striated muscles. The elasticity of titin results from the reversible un- 
folding of the linear array of ca. 300 immunoglobulin (Ig) and fibronectin type 
III domains [624, 625]. Because of the unknown potential of such complicated 
molecules, the unfolding forces have to be measured directly by either SFM 
[626] or optical tweezers [627]. In SFM measurements, the force curves showed 
a distinctive set of sawtooth peaks with a periodicity of 25-28 nm, and peak 
force varying from 150 to 300 pN. Since the periodicity corresponded to the 
contour length 3 1 nm of an unravelled Ig domain, the profile was ascribed to 
the successive unravelling of individual domains of a single titin molecule. 
Somewhat different observations were made using optical tweezers. Instead of 
the sawtooth profile, the stretching of titin molecules using the optical tweezers 
led to a continuous increase of the force up to 25-30 pN [627]. Some of the mol- 
ecules could be extended far beyond the 1 pm contour length of native titin 
[628]. The discrepancy has been explained based on kinetic arguments due to 
difference in the pulling rates [476]. The latter was considerably lower for opti- 
cal tweezers, i.e. 650 nm/s, compared to 0.5 mm/s used in the SFM experiments. 
In both case, the force-distance dependence could be described by the Kratky- 
Porod model for worm-like chains [495-499]. In the stretching experiments, ti- 
tin displayed relaxation behaviour and hysteresis effects. Refolding occurred 
only when the molecule was allowed to relax completely. The unfolding force. 
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it was suggested, depends logarithmically on the extension speed [629]. Exper- 
imentally, stiffer cantilevers have been proposed for unfolding experiments, 
whereas softer cantilevers might be of advantage to follow the molecular refold- 
ing [476]. 

Complementary to stretching of proteins, different single-molecule probes 
have been used to study supercoiling of DNA. These experiments are expected 
to provide direct evidence which would link the biological activity of DNA and 
its tertiary structure. So far, the fantastic ability of DNA molecules (in total ~3 
meters! long divided into 46 chromosomes) to pack into the micrometer sized 
nucleus of human cells requires better understanding [601]. It is clear that the 
random coil conformation would not fit inside the nucleus. Recently, a series of 
elegant experiments have been performed to stretch an individual DNA strand 
under torsionally relaxed as well as constrained conditions [380, 601, 610, 630, 
631]. These experiments have been inspired by the work of Smith et al, where 
single DNA molecules were chemically attached by one end to a glass surface 
and their other end to a magnetic bead driven by an external magnetic field 
[607]. The force-distance curves in Fig. 64a exhibit a S-type shape where small 
and steady increase in the force was followed by a steep increase and an extended 
plateau [601]. At the beginning, a low contractile force (<5 pN) corresponds to 
the entropic elasticity. The forces rise rapidly up to ca. 70 pN where the contour 
length is approached. The plateau was ascribed to the unwinding and splitting 
of DNA molecules. The S-shape of the curve can be approximated by an interpo- 
lation formula which describes the extension x of a semiflexible chain [498] with 
contour length Lq in response to a stretching force F [499, 617]: 

/ 

FP _l ^ X ^ ^ 

4 ^ Lq ^ 4 Lq 

Where is the Boltzmann constant and T is the absolute temperature. The 
equation describes the entropic elasticity of the chain with a persistence length 
P assuming that the DNA molecule is inextensible. Apparently, this mechanical 
denaturation, or the so-called “enthalpic elasticity”, exhibited strong depend- 
ence on the buffer conditions [610]. Figure 64b shows the effect of the ionic 
strength on the persistence length of A,-bacteriophage DNA. The flexibility of the 
molecules was increasing upon adding salt which lead to P values as low as 45- 
50 nm for monovalent ions (Fig. 64b). 

Recently, successful experiments have been carried to visualise single chains 
of synthetic polymers and probe their elasticity. Usually, polymer chains immo- 
bilised on a rigid polymer surface tend to aggregate into globular clusters [632, 
633]. A simple procedure has been proposed to avoid chain agglomeration and 
obtain single polymer coils [634]. A mixture of thiol terminated PS chains and 
alkanethiols was chemisorbed onto a gold surface from a toluene solution. This 
resulted in isolated polymer chains randomly distributed in a self-assembled 
monolayer of alkylthiols. Thus prepared samples were used to investigate elas- 
ticity of individual polymer chains [635]. 
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Fig. 64. a Force versus extension curves measured on beads bound by a single A.-DNA. At 
low stretching forces (0.02<F<2 pN) the DNA molecule in 10 mM phosphate buffer behaves 
like a worm-like chain with a persistence of 53 nm (continuum line). At higher forces, the 
molecule extends beyond its contour length from 1.1 to 1.8 times [601]. b Dependence of 
the persistence length (P) on monovalent (Na-t) ionic strength. Points correspond to the 
three WLC fits: □ inextensible WLC, O strong-stretching limit, A extensible WLC [610] 



4.4 

Manipulation of Single Atoms and Small Molecules 

In the preceding section we demonstrated the efficiency of SFM in visualisation 
and probing of organic molecules. So far, the method has been less efficient in 
manipulation and moving of individual molecules on a surface. In this respect, 
scanning tunnelling microscopy has been shown to be a more powerful tool. 
Here we have to admire the elegant experiments of Eigler et al. at IBM Almaden 
and Gimzewski et al. at IBM Riischlikon [435, 436, 636-640]. They have made re- 
markable progress in the placement of atoms in a desired pattern. Different 
types of molecules could be repositioned laterally by pushing them with the 
STM tip, or they could be transferred from a surface to the tip and the back 
again. Among many fundamental problems, the inertia law does not hold ex- 
actly since the diffusion barrier height rather than the mass controls the rela- 
tion between the applied force and the resulting acceleration. In these experi- 
ments, one has to control the interaction between the molecule and the surface, 
and trigger the interaction between the molecule and the tip. From the latter as- 
pect, STM is more efficient compared to scanning force microscopy. A series of 
images in Fig. 65 were obtained from very inspiring experiments where Bo- 
hringer et al. have manipulated vacancies on a silver surface and the research- 
ers at the IBM Research Station in Riischlikon have built an abacus of Cgg beads 
[437]. 

These experiments demonstrate a peculiar crossover of two conceptually dif- 
ferent approaches in nanofabrication, i.e. the top-down approach using litho- 
graphic techniques and the bottom-up approach using self-assembly of elemen- 
tary building blocks. From one side, constructing things one-atom-at-a-time 
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Fig. 65. {left) Vacancies on a silver surface can be manipulated by using an STM tip to move 
a neighbouring molecule into the gap. Here Bohringer et al. (University of Lausanne) show 
how the six vacancies in (a) can be repositioned into a rectangular cluster (d). (right) The 
beads in this abacus are Qq molecules less than 1 nm in diameter positioned on a silicon 
surface. They can be pushed back and forth with an STM tip in a controlled fashion to count 
from 1 to 10 



follow the general idea of lithography to construct a desired circuit and not an 
arbitrary pattern. On the other hand, it represents an assembly of desired mole- 
cules into a thermodynamically permitted structure. This so-called “molecular 
Lego” approach represents one of the greatest challenges in fabrication of molec- 
ular devices and pushed the frontier of nanotechnology towards single-mole- 
cule electronics. 

5 

Summary 

Over the last 5 years, scanning force microscopy has demonstrated a series of re- 
markable developments from a simple imaging technique towards a technique 
which can probe interfacial properties and manipulate structures on the nano- 
scale. Concerning imaging, the major improvements have occurred in the abil- 
ity of SFM to analyse surface structures (i) non-destructively and (ii) in a phys- 
ically relevant environment. This is of particular importance for biological sam- 
ples which now can be imaged in-situ retaining their native structure and bio- 
logical activity during durable experiments. Apart from routine measurements 
on the micrometer scale, the resolution of the surface features became reliable 
on the nanometer scale, but still remain rather ambiguous on the atomic scale. 
Only special techniques which enable near to contact scanning in a vacuum pro- 
vided reproducible images of atomic defects indicating that the achieved reso- 
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lution is true. Meanwhile, SFM has been able to visualise single macromolecules 
with sizes of around 5 nm and thus has become a new analytical method for the 
characterisation of polymers regarding their size, flexibility and macroconfor- 
mation. 

Concerning properties, SFM has become a unique technique in probing local 
adhesion, friction and elastic response of various materials. This is based on the 
ability to measure forces as small as picoNewtons and probe areas well below 
100 nm. The peculiar sensitivity of the force probe to different types of static and 
dynamic interactions provides a great number of contrast mechanisms which 
can map the surface structure regarding the chemical composition and physical 
properties. However, in most SFM measurements the interpretation of the sur- 
face maps remain to be very intricate, mostly because of the concurrent contri- 
bution of different forces into the net force. The progress in this held relies on 
new developments in technique which would allow to measure the properties 
like stiffness, adhesion, friction and viscosity, separately. 

Finally, scanning probe microscopy techniques, including SFM, have been es- 
tablished as new nanofabrication methods featuring the size scale below 1 nm. 
In a highly sophisticated way, they combine the manual control of lithographic 
techniques with thermodynamically controlled assembly of single molecules. 
The ability of SPM to fabricate on the nanometer scale and furthermore con- 
struct things with atoms has strongly pushed the frontier in nanotechnology to- 
wards molecular devices and exposed a wealth of unexplored problems and ter- 
ra incognito in various disciplines of the fundamental science. 
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